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Colloidal nanocrystals carry a wide array of intriguing features, thereby rendering a rich 
diversity of applications in optics, electronics, optoelectronics, catalysis, sensors, energy 
conversion and storage, nanotechnology, biotechnology, among other areas. Despite copious past 
works on development of synthetic approaches, the ability to craft functional nanocrystals with 
precisely controlled compositions and dimensions under mild reaction condition and facile 
purification process is comparatively few and limited in scope. In this thesis, we developed a 
general and robust star-like block copolymer nanoreactor strategy for precision synthesis of an 
assortment of metal oxide nanoparticles controlled dimensions, compositions and surface 
chemistry, followed by investigation into their size- and composition-dependent electrocatalytic 
and magnetic properties.  
We first successfully synthesize both amphiphilic and hydrophilic star-like diblock and 
triblock copolymers, which can subsequently function as nanoreactors for templating the precision 
synthesis of inorganic nanoparticles. In particular, the molecular weights and molecular weight 
distribution of star-like block copolymers can be readily controlled with the addition of linear 
initiator as living radical polymerization is achieved. Furthermore, the dual pH-responsive 
behavior of double hydrophilic star-like diblock copolymer is found, suggesting the potential 
application as polymer nanocarriers for control-release of drugs.  
By capitalizing on amphiphilic star-like diblock copolymer as nanoreactors, perovskite 
oxide (i.e., BaTiO3, PbTiO3 and doped BaTiO3), La-based perovskite and layered perovskite (i.e., 
LaFeO3, LaMnO3 and La2CoO4) and magnetic spinel ferrite (i.e., CoFe2O4, MnFe2O4 and NiFe2O4) 
nanoparticles with controllable size can be obtained. Due to the unique compositional versatility 
and structural stability of perovskites, investigation into electrocatalytic performance of all the as-
xxv 
 
synthesized nanoparticles with perovskite and layered perovskite structure is conducted. First, we 
report the scrutiny of size- and dopant-dependent oxygen reduction reaction (ORR) activities of 
an array of pristine BaTiO3 and La- or Co-doped BaTiO3 nanoparticles. The ORR activities are 
found to progressively decrease with the increasing size of BaTiO3 NPs because of increased active 
sites and electroconductivity. On the other hand, La- and Co-doped BaTiO3 NPs display markedly 
improved ORR performance over the pristine counterpart, which can be attributed to the reduced 
limiting barrier and the possibly-increased conductivity that are verified by density functional 
theory-based first principle calculations. Second, the bifunctional electrocatalytic activity of 
LaFeO3, LaMnO3 and La2CoO4 nanoparticles for both ORR and oxygen evolution reaction (OER) 
have been revealed. Among all, layered La2CoO4 perovskite nanoparticles exhibit remarkable 
activity and excellent stability (i.e., with the oxygen activity (ΔE) of 0.88 V when D = 8.5 nm), 
which is greater than that of the previously reported perovskite and perovskite derivative 
electrocatalysts. The superior catalytic performances of layered La2CoO4 perovskite NPs may be 
resulted from highly active lattice oxygen and an increased concentration of hydroxyl groups, 
corroborated by the pH-dependent OER behavior and XPS of O 1s results, respectively. Finally, 
three representative spinel ferrites (i.e., MnFe2O4, NiFe2O4, CoFe2O4) nanoparticles with tunable 
size are prepared. The size- and composition-dependent magnetic properties are explored and 
discussed. Moreover, by changing the outer block of the star-like diblock copolymer, hydrophilic 
poly(ethylene glycol)-ligated spinel ferrite nanoparticles can be acquired, leading to possible 
biomedical applications. By extension, amphiphilic star-like block copolymer nanoreactor strategy 
is anticipated to enable the crafting of an exciting variety of other functional nanomaterials with 
tailored sizes, compositions and surface chemistry. As such, the fundamental correlations between 
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morphologies, compositions and properties of judiciously designed nanomaterials can be 










CHAPTER 1. INTRODUCTION 
1.1 Background of non-linear block copolymer synthesis   
1.1.1 General strategies for synthesis of non-linear polymers 
Designing new advanced materials with a controllable molecular structure is essential because 
it can have a significant influence on the macroscopic properties. For polymers, knowing the chain 
topology, composition, functionality, and polydispersity of the chain length can lead to optimizing 
properties for desired applications.1-5 Figure 1.1 shows some examples of polymer with various 
molecular structures, i.e., including change in topology, composition, and functionality.6 Since the 
properties are affected by how these macromolecules self-assemble or how they are pre-assembled 
into larger domains, enhanced control over macromolecular structure is required, which can be 
achieved by living or controlled polymerization that proceeds with a high degree of selectivity.7-9 
Non-linear polymers, such as cyclic, dendritic,10-11 brush,12-14 star-shaped,15-20 and 
hyperbranched21 polymers generally offer lower melt and solution viscosities compared to their 
linear analogues with similar molecular weight.22-23 The introduction of even a small fraction of 
branched polymers can considerably affect the properties like crystallinity, melting point, glass 
transition temperature, intrinsic viscosity, and viscoelastic behavior.     
 
Figure 1.1 Examples of polymer structure with varied topology, composition, and functionality.6 
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Among the common non-linear molecular structures, the star-shaped polymer is the one with 
the simplest structure. Star-shaped polymers can be described as a single branch point that gives 
birth to multiple linear polymeric chains, i.e., each polymeric arm has only one branching point.24-
25 Because of the distinct molecular structure, star-shaped polymers demonstrate intriguing 
features like better solubility, higher functional degree on the surface, lower viscosity compared 
to their linear polymer counterparts, etc.26-32 Furthermore, diverse structures with different 
physical and chemical properties can be self-assembled by star-shaped polymers, opening an 
avenue for applications in coating, gene therapy, drug delivery,33-35 separation engineering, etc. 
Synthesis of star-shaped polymers via living polymerization can be divided into three categories, 
namely the “coupling-onto” approach,36-39 the “arm first” approach,40-41 and the “core-first” 
approach.42-43 In the “coupling-onto” method, linear polymeric chains with reactive chain end 
group and a multifunctional coupling agent (core) are first prepared. The star-shaped polymers are 
then formed by a coupling reaction between the two.  
Because of the slow reaction between the polymeric arm and the core, the “coupling-onto” 
method can provide the advantages of high coupling efficiency and benign reaction conditions (for 
instance, click reaction).44-46 In the “arm first” synthesis, the polymeric chains are prepared first, 
followed by cross-linking of those arms with the presence of a small amount of suitable 
multifunctional monomers (usually divinyl cross-linker), eventually resulting in star-shaped 
polymers.47-49 Miktoarm star-shaped block copolymers can be produced by initiating those 
preserved initiating sites with another monomer.50-52 Notably, the polymerization sequence of 
cross-linker and monomer, addition of the cross-linker as well as the molar ratios of monomer, 
cross-linker, and initiator are all critical parameters for obtaining star-shaped polymers.53-54 
Despite the advantage of precisely-controlled arm length, this approach suffers from undefined 
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star-shaped polymers (i.e., uncertain chain number per star-shaped polymer, thus a broad 
distribution of the number of arms per polymer); lack of appropriate multifunctional deactivating 
agents; requisition of long fractionation time to separate the pure star-shaped polymers from 
unreacted linear polymers and typically non-reactive function of the polymeric ends, preventing 
this star-shaped polymer from continue participating in further reactions. On the other hand, for 
“core-first” synthesis, a multifunctional initiator is prepared and serve as the initiator for the 
subsequent polymerization of monomers to form the arms. The number of arms can be precisely 
controlled by a pre-designed number of functionalities on the core. Therefore, a well-defined star-
shaped polymeric structure with narrow molecular weight distribution among polymer chains can 
be acquired.42, 55-57 Nonetheless, this approach also involves a major difficulty of designing and 
pre-synthesizing multifunctional initiators from which polymer arms can be grown. Moreover, the 
number of arms per star-shaped polymer might be more restricted, especially with ionic living 
polymerization.42, 58-59 Enough number of ion pairs on the star-shaped molecule in close proximity 
are required when the number of initiating sites increases, possibly leading to lower solubility and 
stability. Therefore, star-shaped polymers with a large number of arms are not as commonly seen 
in the literature with this synthetic approach.24  
Star-shaped polymers can be assigned into two categories, regular star-shaped polymer, and 
miktoarm star-shaped polymer. Regular ones indicate each polymeric arm within the polymer has 
the same arm segments, either with homopolymer arms or block copolymer arms. In contrast, 
miktoarm ones generally imply there is a difference between polymeric chains. Depending on what 
the difference is, the miktoarm star-shaped polymers can be further categorized into several types, 
including different chemical structures, topologies, molecular weights, and functional groups 
(Figure 1.2). While anticipated to possess intriguing morphological nanostructures and 
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supramolecular assemblies, synthesis of miktoarm star-shaped polymers with well-defined 
structures and multiple precisely designed arms is challenging due to complicated synthesizing 
and purification procedures.56, 60-61 
 
Figure 1.2. Classification of star-shaped polymers.62 
 
The capability to form a star-shaped polymer with well-defined structure is desired because it 
can not only give the possibility to optimize their characteristics, but also elucidate the correlations 
between their structure and physical/chemical properties. Notably, the well-defined structure here 
means uniformity in terms of composition and molecular architecture (e.g., molecular weight, 
molecular weight distribution, and arm number). Despite the successful preparation of star-shaped 
polymers via living ionic processes, they are limited by harsh reaction conditions and monomer 
selections. Living/controlled radical polymerization (CRP), such as atom transfer radical 
polymerization (ATRP), nitroxide-mediated polymerization (NMP), reversible addition-
fragmentation chain transfer (RAFT), living anionic/cationic polymerization and ring-opening 
metathesis polymerization (ROP), has become a robust method for preparing well-defined star-
shaped polymers since it doesn’t possess those disadvantages.7, 63 Linear correlation between the 
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molecular weight of the as-synthesized polymer and monomer conversion is the typical feature 
that can be found with CRP. The most prominent reactions of CRPs include ATRP, NMP, and 
RAFT process, which are often employed for the synthesis of polymer with complex architectures. 
Precisely controlled degree of polymerization and the molecular weight distribution of the as-
synthesized polymers can be acquired via all these synthetic methodologies.2, 4, 64-66 The basic 
mechanism for CRP involves the controllability between the ratio of active and dormant species 
(which can be subsequently reactivated). In CRP, radicals add only a few monomer molecules 
before being converted into dormant species. Thus, the radical lifetime has been prolonged by 
alternating short activity periods and longer dormant periods. Particularly, polymers synthesized 
by CRP can show narrow molecular weight distribution due to the fast initiation of dormant species, 
making all polymer chains grow concurrently.67-69 Furthermore, in terms of synthesizing star-
shaped polymers by CRP, the mechanism can be described as a 2 steps process: preparation of 
core or scaffold of the star-shaped polymer with various functional groups (typically in a “core-
first” approach), and the subsequent polymerization, which the polymer chains are inserted 
between the core structure and the chain end-functional group (e.g., the dithioester moiety for 
RAFP process, the halide group for ATRP and the nitroxide for NMP). The simple scheme of this 
process can be found in Figure 1.3. A variety of initiators with a pre-designed number of 
functionalities were prepared and various monomers had been chosen for subsequent 







Figure 1.3 Basic principle for synthesizing star-shaped polymer via ATRP, NMR, and R-group RAFT 
system.74 
 
RAFT is a type of CRP using chain transfer agents (CTA, RAFT agent) in the form of a 
thiocarbonylthio compound to mediate the molecular weight and polydispersity of the as-
synthesized polymers. RAFT shows high compatibility with diverse monomers, including 
methacrylates, methacrylamides, acrylonitrile, styrene, butadiene, vinyl acetate, and N-
vinylpyrrolidone, and the process can tolerate a wide range of reaction condition as compared to 
other CRP. We note that the functional groups of RAFT agent (Z and R group) must be chosen 
judiciously based on the reaction conditions and type of monomers because they can have 
significant influences on the polymerization (i.e., Z group affects the rates of the reaction and R 
group need to stabilize the radical while unstabilize the dormant species).75-79 The necessity for 
expensive, colored, or toxic RAFT agents in many cases is the main disadvantage of RAFT.   
ATRP, including conventional ATRP, electron transfer ATRP, and electrochemically mediated 
ATRP, is one of the most commonly-used methods for preparing non-linear polymers and has been 
studied systematically over the past decades. Star-shaped polymers with controllable molecular 
weight, low polydispersity (typically < 1.1), and pre-designed composition and functionalities can 
be produced under suitable reaction conditions. ATRP, as one kind of CRP, involves the reversible 
deactivation of radicals. The initiators and dormant species for ATRP are alkyl halides (RX) and 
halogen-capped chains, separately. Transition metal complex is employed during ATRP to reduce 
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the activation energy for radical generation and to activate initiator and dormant chain ends as well 
as to deactivate radicals afterward. Therefore, the metal catalyst renders two functions during 
ATRP, first is the activation step involves radical generation from R-X or dormant polymer chain 
ends, second is the deactivation step involves the re-formation of dormant species after radical 
propagation. Copper, among all the transition metal catalysts used in ATRP (e.g., Ru, Fe, Ni, Os, 
Re, Co, Ti, etc.) is the most intensively-employed element because of its high availability, low 
cost, and robustness. A variety of Cu complexes have been utilized as catalysts for ATRP. By 
rationally designing or choosing the ligands used, copper catalyst amount can be reduced to < 100 
ppm.80-84 During the past several years, metal-free ATRP has been developed, which might be able 
to solve the potential problem of residual metal catalysts after polymerization and purification for 
some applications. The regeneration of activators of metal-free ATRP or low ppm (of catalyst) 
ATRP is often obtained by various external stimuli, such as electrical current, photoirradiation, 
sono-mechanical energy, etc.85-86 The polymerization stops when those external stimuli are 
removed because small amounts of radicals terminate and irreversibly convert into deactivator 
species. Therefore, precise and temporal control of the polymerization can be achieved. Despite 
the advantages of the absence of residual catalysts and milder reaction parameters, some of the 
metal-free ATRP reactions suffer from low initiation and irradiation efficiency, complicated 
synthetic and purification steps for the catalysts as well as the necessitate of the expansion of 
monomer scope.87-89 In the future, a better understanding of the kinetics of ATRP quantitatively is 
important to scale up polymerization processes and further mechanistic analysis, which will be 
beneficial to the design of the benign polymerization system, faster polymerizations with higher 




1.1.2 Properties and applications of star-shaped polymers 
Star-shaped polymers, with at least three polymeric chains grown from one functional core, 
have gained extensive attention due to their unique topological architecture and attractive 
physical/chemical properties, such as the exclusive hydrodynamic volumes and encapsulation 
capabilities because of their globular structures, lower solution viscosity in dilute solutions 
compared to corresponding linear polymers with same molecular weight due to fewer polymer 
chain entanglements, various internal and peripheral active groups that can be designed with 
desired functionalities, enhanced optoelectronic properties and remarkable stimuli-responsiveness 
due to dense functionalities. Compared to dendritic polymers, star-shaped polymers possess 
reduced shell density with increased arm length, thus rendering different properties of viscosity 
and flexibility as well as a lower steric hindrance.90-94 All the above-mentioned distinct features 
make star-shaped polymers promising candidates for applications in energy-related fields (i.e., 
light-emitting diodes, solar cells, and thin-film transistors) and biomedical fields, such as 
drug/gene delivery, diagnosis, antibacterial/antifouling coatings, and implanted medical devices.62, 
95-99  
The prerequisite of star-shaped polymers for biomedical applications includes well-defined 
structure, functionality, stimuli-responsiveness, biocompatibility, and biostability. Particularly, 
designing star-shaped polymer with special functionalities is advantageous because star-shaped 
architecture has a large number of internal and peripheral active groups, resulting in functionality 
with high density after modification. Diverse synthetic approaches have been proposed to prepare 
star-shaped polymers with different functionalities, depending on their specific biomedical 
applications. For instance, folic acid and alendronic acid are active targeting units assigned for 
solid tumor targeting and bone targeting, respectively, thus drug delivery efficiency is proved to 
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be enhanced after modifying drug carriers with these targeting units.100-102 Li et al. have 
synthesized star-shaped polymer with γ-cyclodextrin as core and oligoethylenimine conjugated 
with folic acid as arms. This specific star-shaped polymer serving as a drug carrier demonstrates 
several functions. First, the genes can be efficiently condensed by the cationic arms, and the genes 
can be delivered into tumor cells with targeting folate receptor of high density. Second, the folate 
receptor can maintain its function and continuously facilitating cell endocytosis due to the 
reduction cleavable disulfide bond between oligoethylenimine and folic acid.103 On the other hand, 
hydrophilic polymers have been intensively studied as the functional group of the star-shaped 
polymers due to their remarkable properties, such as better biocompatibility, improved antifouling 
capability, and hydrophilicity. For example, the drug carries that are made of poly(ethylene 
glycol)-capped star-shaped polymers demonstrate prolong circulation time due to reduced protein 
adsorption and improved biocompatibility.104-108 Antifouling coating of these functionalized star-
shaped polymers to resist protein adsorption can also be beneficial to the fabrication of medical 
devices. Therefore, by judiciously choosing and adding functional groups within star-shaped 
polymers, a variety of effects can be introduced. It is of particular importance to design the ideal 
star-shaped polymer system for biomedical applications because multi-functionality is often 
needed to fulfill the requests of complex physiological conditions. 
Stimuli-responsive polymers show observable property changes, including conformational 
change, reversible solubility variations, and reversible self-assembly, when different 
environmental condition is applied (e.g., enzymatic reactions, pH value, change in redox potential, 
temperature, and light).109-112 Compared to linear polymers, star-shaped polymers can demonstrate 
stronger stimuli responsiveness due to a more compact structure. Furthermore, various factors of 
the structure, like arm number, arm length, and core shape can influence the transformation 
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behavior under external stimuli. Consequently, star-shaped polymers can be employed as smart 
systems for a variety of biomedical applications, such as target drug delivery, shape-memory 
biomaterials, and self-healing biomaterials. pH value is a common stimulus because of the intrinsic 
difference in physiologic pH at the different parts of the body, leading to the possible application 
as carriers for targeted drug/gene delivery. For example, doxorubicin can be released effectively 
in the intracellular acidic components, resulting in more efficient tumor therapy by the amphiphilic 
star-shaped polymers with pH-sensitive hydrazine bond serving as drug carrier that were 
synthesized by Gong et al.113 In another example, star-shaped polymers with thermo-responsive 
poly(N-isopropyl acrylamide) (PNIPAAm) as outer block show three-stage transition behavior 
when temperature changes, which can potentially be employed as temperature-sensitive drug 
delivery carrier an embolic agent in biomedical fields.62 
Due to the high demands and widespread use of electronic devices, the rechargeable lithium-
ion batteries have not only been widely used as energy supply and storage, but also have attracted 
much attention as popular research topics. Typically, the lithium-ion battery electrolytes can be 
categorized into two types, namely solid electrolytes, and liquid electrolytes. Solid electrolytes are 
regarded as safer electrolytes among the two because of their excellent chemical stability and the 
adaption of geometry. Various polymers, including poly(vinyl chloride), poly(methyl 
methacrylate), poly(ethylene oxide) (PEO) and poly(vinylidene fluoride) (PVDF), have been 
proposed as candidates for solid electrolytes.114-117 How to enhance ionic conductivity while 
maintaining mechanical properties is the biggest difficulty of polymer solid electrolyte. Xue et al. 
have synthesized PEO-based star-shaped polymers with varied chain length arms and used them 
for solid electrolyte (blend with PVDF). The advantages of star-shaped polymers lie in fast 
molecular motion, thus enhanced conductivity compared to linear polymer because they are harder 
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to crystallize, improved pore porosity and connectivity as well as better electromechanical stability, 
indicating star-shaped polymers might be promising electrolytes in lithium-ion battery 
applications.118 Moreover, star-shaped polymers can also be employed in application towards solar 
cells.119-120 Organic and polymeric photovoltaics, particularly bulk heterojunction solar cells have 
been of great interest because of their large-scale production feasibility, low fabrication cost, 
tunable electronic properties, and lightweight over their inorganic counterpart. Key factors for 
achieving excellent solar cell performance include broad adsorption bands, efficient energy 
transfer, and efficient hole transport. By synthesizing star-shaped polymers with four blue emissive 
polymeric chains and three different electron-deficient cores, partial energy transfer from arms to 
cores can be produced; reduced bandgap can be observed, and enhanced thermal stability can be 
achieved.  Undesired defects in polyfluorene chains can be avoided due to better controllability of 
chain aggregation and exciton diffusion with the star-shaped architecture. Overall electronic 
properties prove that star-shaped conjugated polymers can be used for photovoltaic applications.121 
With distinct features star-shaped polymers can provide, they have no doubt can be capitalized in 
various fields. Nevertheless, difficulties such as residual copper ions (particularly harmful in 
biomedical applications), a clear understanding of structure-property-function relationships due to 
the large diversity of star-shaped polymers as well as the development of synergistic and 
multifunctional star-shaped polymers that can be applied in the complex environment of the human 
body still need to be addressed. Therefore, persistent efforts for star-shaped polymer related topics 
are still required.         






1.2 Synthesis of perovskite oxide materials and their electrocatalytic properties 
1.2.1 Introduction of perovskite oxide materials 
Perovskite oxides, having the general formula of ABO3, are functional ceramic materials that 
can be used in various applications, such as fuel cells, batteries, transducer, actuators, 
electromechanical devices, and thermistors, among others.122-136 Several combinations are possible 
for A and B cations, resulting in various possible respective valence states. Barium titanate 
(BaTiO3), lead titanate (PbTiO3), lead zirconate titanate (PZT), lead lanthanum zirconate titanate 
(PLZT), I-V of KNbO3 and III-III of LaCoO3, etc. are some of the popular materials in the 
perovskite oxide family. One of the biggest advantages of perovskite phases is that they possess 
high reactivity and flexibility regarding both oxygen stoichiometry and A-site/B-site cation 
substitution.137-142 Different structures render different properties, such as ferroelasticity for 
SrTiO3, ferroelectricity for BaTiO3, ferromagnetism for YTiO3, piezoelectricity for PZT and 
pyroelectricity for LiTaO3. Most of these distinct properties occur when the structure deviates from 
the cubic state, i.e., the phase transition from symmetric structure to distorted structure.143-144 
Generally, the appearance of the distorted structure comes from (1) a shift in the position of the 
cation on either A-site or B-site from their original positions, (2) a rotation of the BO6 octahedra 
around one axis, (3) a deformation of the octahedra, and (4) a distortion of the whole unit-cell by 
elongating the structure in a specific direction. The Goldschmidt tolerance factor (t) is typically 
used to estimate the internal strains in the perovskite structures regarding the different ionic radius 










, where rA, rB, and rO are the radius of ions on A-site, B-site, and oxygen, respectively while dAO 
and dBO are the distance between cation on A-site/B-site and oxygen, respectively. Strains are 
minimized with cubic structure when t = 1, whereas nonnegligible strains exist, compensated by 
atomic shifts when t ≠ 0. For example, when t > 1, A-O bonds are stretched and the symmetry 
becomes rhombohedral, while when t < 1, the structure is compressed, and the symmetry becomes 
tetragonal or orthorhombic. When the value of t < 0.86, the perovskite structure is generally 
regarded as unstable and the atomic arrangement possibly transforms into a layered 
configuration.147-151   
Here, among all the perovskite oxides, a brief introduction to lead-free ferroelectric, BaTiO3, 
will be first provided below owing to its excellent dielectric and ferroelectric properties. Since the 
discovery of BaTiO3 in 1945, it has been the most extensively-studied ferroelectric material.
152-160 
BaTiO3 demonstrates four-phase transitions from cubic, tetragonal, orthorhombic to rhombohedral 
crystal structures as the temperature decreases.161-165 At a temperature higher than 120 oC, it exists 
in a face-centered cubic (FCC) structure with larger cation Ba2+ and O2- ions forming FCC lattice 
whereas smaller cation Ti4+ occupying octahedral interstitial sites (Figure 1.4 (a)). The cubic 
phase is paraelectric because at a higher temperature, thermal vibration is high enough to result in 
the random orientation of the Ti4+ ions, thus polarization along different directions cancel out each 
other and no net dipole moment exists after the electric field is removed. As the temperature drops 
below 120 oC, BaTiO3 undergoes a paraelectric to ferroelectric phase transition, from cubic to 
tetragonal crystal structure (T < 120 oC), further transits to orthorhombic phase (T < 5 oC) and 
finally to rhombohedral phase (T < -90 oC). All three crystal structures mentioned above can be 
regarded as elongation of the cubic structure in different directions. Tetragonal structure elongates 
along c-axis ([001] direction, Figure 1.4 (b)); orthorhombic structure elongates along the face 
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diagonal ([011] direction), and rhombohedral structure elongates along the body diagonal ([111] 
direction). Due to the distortion of the crystal, a net displacement between cation and anion occurs, 
leading to the presence of spontaneous polarization and so-called ferroelectric behavior. The 
characteristics of ferroelectric materials include when applying an electric field of sufficient 
magnitude, spontaneous polarization aligned with specific direction will be generated, and upon 
removal of the electric field, the polarization will not return to its original direction and magnitude. 
Lastly, the polarization direction can be switched when applying the electric field in a different 
direction. Clearly, BaTiO3 shows ferroelectric behavior when it is with the specific crystal 
structure, i.e., tetragonal, orthorhombic, and rhombohedral.  
 
Figure 1.4 Schematic of the perovskite structure of BaTiO3 of (a) Cubic structure and (b) Tetragonal 
structure.166 
 
When reducing the size of BaTiO3 material into the nanoscale regime, it can demonstrate 
unique dielectric and ferroelectric properties that are very different from that of the bulk 
counterpart.167-172 The dielectric properties of BaTiO3 were found to be highly dependent on grain 
size mainly result from the changes of characteristics of domains, significant surface energy, and 
modified long-range dipole interaction when grain size reduces. There are usually two kinds of 




can reduce strain energy whereas the presence of 180o domain can reduce the depolarization energy. 
With a larger grain size, both two types of domains present in the material (Figure 1.5 (a)). As the 
grain size decreases, the width of 90o domain walls decreases and the total number of domain walls 
increases (Figure 1.5 (b)), leading to higher dielectric constant. After reaching a maximum 
dielectric constant when the grain size is around 0.8-1 μm, dielectric constant starts to decrease 
due to reduced 90o domain wall as grain size continues to decrease. On the other hand, there are 
always compensation charges (Q), including those coming from the external circuit, defects, 
impurities, etc. that exist in the material, trying to compensate the electric field produced by the 
spontaneous polarization within ferroelectrics and thus reducing depolarization energy. The total 
compensation charge can be expressed as:173 
Q = P × S 
, where P is the polarization, and S is the total surface area of the grain. According to the equation, 
when the grain size decreases, S increases, thus more mobile charges are required to reduce 
depolarization energy. 180o domain increases when charges are not enough to completely 
compensate the electric field, as shown in Figure 1.5 (c). Continue reducing grain size results in 
the replacement of part of 180o domain wall into grain boundary accompany by a decline in 
dielectric constant. When grain size further reduces to a couple of tens of nanometers, the grain 
first becomes single-domain (Figure 1.5 (d)) then eventually the disappearance of ferroelectric 







Figure 1.5 Domain structure evolution as crystal size decreases: (a) Mixture of two types of domains, (b) 
90o and (c) 180o domain dominate (d) single domain and (e) non-ferroelectric phase.173 
 
1.2.2 Possible derivatives of the perovskite structure 
Besides the flexibility of tuning the stoichiometry, i.e., the substitution of the cations on A or 
B-sites as well as the tolerance of oxygen concentration, perovskites are also well-known for 
acceptance of various structures.174-175 For instance, perovskites of the layered structures with the 
general formula of An-1A’2BnO3n+1 can be formed when alternating layers of perovskite-type 
(ABO3) and rock-salt type (AO) are intergrown. This structure is called Ruddlesden-Popper phase, 
and the first-discovered material with this structure was K2NiF4.
176-178 In addition to Ruddlesden-
Popper phase, derivative structures from original perovskite can typically be acquired by 2 
approaches, i.e., changing the intergrowth layer and tuning the oxygen content via oxidation and 
reduction process (Figure 1.6). Remarkably, by conducting those modifications, the capability of 
tailoring valence states of the ions with different coordination numbers can be achieved, opening 
avenues to understand the correlation between these intrinsic morphology/physiochemical 




Figure 1.6 Perovskite derivatives obtained by tuning the stoichiometry of cation on A or B-sites (i.e., 
changing the intergrowth layer, vertical direction) and O anion (horizontal direction). 
 
Various techniques, including thermal treatment, partial pressure of different oxidizing or 
reducing gases or electrochemistry, can be applied to form perovskites with diverse oxygen 
amount, and this process is generally reversible. By reducing the stoichiometric ABO3 perovskite 
phases, ABO2.5 Brownmillerite-type structure can be obtained. Intermediate phases (ABO3-x) can 
also be stable with different values of x due to the ordering of oxygen vacancies. During the 
reduction process, O2- anions are removed from the lattice; oxygen vacancies are generated and 
the coordination numbers/valence states of the cations on B-sites are changed. Therefore, original 
octahedra BO6 is substituted by a polyhedral BOx. Intriguingly, because of specific ion conduction, 
oxygen ions are removed with an anisotropic diffusion pathway along with the [110] type on the 
perovskite structure.  
Below, we specifically pick Ruddlesden-Popper phase as an example as a derivative 
structure of perovskites and discuss their various structures in more detail. As mentioned earlier, 
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Ruddlesden-Popper structure possesses a general formula of An-1A’2BnO3n+1. A different number 
of n can exist by introducing additional ABO3 blocks in the unit cells, whereas the structure with 
all kinds of n value corresponds to the same space group I4/mmm. The unit-cell structure with n = 
1, 2, and 3 can be found in Figure 1.7. In particular, the A’ cations are characterized by 
cuboctahedra anionic coordination with a coordination number of 12, while the A cations are 
located at the interface between layers with a coordination number of 9. The B cations are located 
at the center of the octahedral formed by 6 oxygen anions located at the apex. The general formula 
can be simplified into An+1BnO3n+1 if A and A’ cations are identical.
179-181 
 
Figure 1.7 Unit-cell structure of Ruddlesden-Popper phases with various thickness number of perovskite 
layers (n=1, 2, 3). 
 
The La2MO4 system, corresponding to the general formula of An+1BnO3n+1 when n=1, consists 
of the composition with A = La and B = a transition metal (M), such as Co, Ni, and Cu. At a higher 
temperature regime, the tetragonal K2NiF4-type structure presents, which is called “High 
Temperature Tetragonal” phase (HTT, T phase) with I4/mmm space group.179 Ideally, MO6 
octahedra are perfectly aligned along the c-axis and it is generally difficult to accommodate extra 
oxygen on interstitial sites. The internal strain of the structure can also be calculated based on 
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Goldschmidt factor t. t = 1 when La2MO4 is in HTT (T) phase, and transfer into either tetragonal 
or orthorhombic when 0.86 < t < 1, accompanied by the compression of the MO2 planes due to the 
occurrence of stronger strains. Finally, the structure changes to T’-type phase when t < 0.86.182 
The difference between T-type and T’-type phase will be discussed clearly in the next paragraph. 
There are some approaches to reduce the internal strain within the structure, such as partial 
substitution (or doping) of La by alkaline metals with smaller ionic radius and tilting the octahedra 
from the c-axis, verified by the observation of phase transition at different temperature regime.     
As mentioned before, T’-type phase is also common in Ruddlesden-Popper structure. When 
A-sites are occupied by the cation from the lanthanide family, all compounds stabilize in T’-type 
phase except only La adopts T-type phase. The reason lies in different radius between the ions. 
183La ions, with large ionic radius, destabilize T’-type phase due to the size mismatch while other 
lanthanides with smaller ionic radii prefer to crystallize in T’-configuration. The different between 
T-type and T’-type phase lies in the position of oxygen in the unit cell. In T-type phase, apical 
sites are occupied while interstitial sites are empty, and vice-versa for T’-type phase. Nevertheless, 
they still both correspond to the I4/mmm space group. Because of the empty apical position with 
T’-type phase, the structure frustration induced by the Jahn-Teller effect resulted from BO6 
octahedra can be released, leading to smaller lattice length along the c-axis. Oppositely, the lattice 
length along with a-axis increases in T’-type phase compared to T-type phase. Consider both 
changes in different axes, T’-type phase eventually demonstrates a larger volume of the unit cell 
compared to that of T-type phase. Even though the Goldschmidt factor t can provide information 
on the stable structure to some extent, several exceptions in predicting the materials with A2BO4 
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By considering the bond distance between A-O, B-O, and O-O, the equation can provide perfect 
differentiation of T-type and T’-type phases. When tf falls within 0.96-1.00 range, the material 
prefers to have T’-type phase, while when tf falls within 1.00-1.14 regime, the material becomes 
T-type phase.   
In addition to the complicated yet intriguing structure of Ruddlesden-Popper perovskites, they 
have attracted great attention because of their distinct properties, such as mixed ionic-electronic 
conductivity (MIEC) and excellent anisotropic oxygen ion diffusion as well as proton 
conductivity.185-191 For instance, A2BO4 is reported to demonstrate fast anisotropic oxygen 
exchange and diffusion kinetics: La2NiO4+δ shows 10
2 to 103 times larger oxygen interstitial 
diffusion and surface exchange coefficients along ab plane compared to that along c plane. These 
features make this type of material useful in various applications, including electrode materials in 
solid oxide fuel cells,192-197 rechargeable metal-air batteries,177, 198 solar cell materials,199 oxygen 
separation membranes,200 and efficient electro- and photocatalysts. Particularly, they are suitable 
cathode materials for higher temperatures (i.e., 600 < T < 800 oC) fuel cell applications due to their 
high oxygen conductivity. Moreover, by simply partial doping with different types of cations and 
tuning the oxygen content, not only the structure of this layered perovskite can be changed, but 
also their physical and chemical properties may be optimized for different applications. 
Ruddlesden-Popper perovskites can also be utilized as catalysts in numerous catalyzed reactions, 
such as oxidation for CO, decomposition of NO, breaking down phenolic pollutants, CH4/CO2 




1.2.3 Routes to perovskite oxide materials and the derivatives 
For synthesizing perovskite oxides, there are a variety of approaches. Here, we first discuss 
the synthetic methods for BaTiO3 as an example. Notably, the quality of the product is not only 
affected by the synthetic procedures, but also by the starting materials used. Traditionally, based 
on solid-state reactions, BaTiO3 is synthesized by mixing BaCO3 and TiO2 powders at high 
temperatures (1100-1400 oC). Despite some of the advantages of this method, it mainly suffers 
from a high degree of particle agglomeration (rendering large particle size, typically 2-5 μm), 
extreme reaction condition, high impurity contents, and wide size distribution.  
Many wet-chemical approaches, such as organo-metallic, solvothermal/hydrothermal,206-209 
molten salt, co-precipitation, and sol-gel methods are then being developed.210-215 The 
hydrothermal method is attractive because BaTiO3 powder can be synthesized easily (i.e., under 
moderate temperature condition, typically around 100-300 oC) without using any elaborate 
apparatus or expensive reagents, making them ideal for the post-synthetic sintering process. Note 
that a strong alkaline condition is often required, and the particle sizes are normally in the range 
of a few hundred nanometers. Coprecipitation is also a simple and convenient method for 
synthesizing ferroelectric ceramics, except optimal experimental conditions need to be modulated 
(i.e. to tune the degree of precipitation for both precursors) to obtain the product with the correct 
stoichiometric ratio between barium and titanium. By the sol-gel method, sol and gel are first 
formed by hydrolyzing chemical precursor, crystallized products can then be induced after heat 
treatment. It’s an effective way to produce powders with high purity, small size, and relatively 
good uniformity.216-220 Among all the precursors used, single bimetallic alkoxide molecular 
precursors can ensure simultaneous hydrolysis and correct stoichiometry of the product. For 
example, by employing a specific bimetallic source (BaTi(O2CC7H15[OCH(CH3)2]5)) as the 
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precursor, O’Brien et al. demonstrated that BaTiO3 nanoparticles (NPs) of 6-12 nm can be 
synthesized at the temperature as low as 140 oC.155 Brutchey et al. reported a novel approach, 
which prepared crystalline BaTiO3 by the kinetically controlled vapor diffusion of H2O(g)/HCl(g) 
into a non-aqueous solution containing another bimetallic alkoxide (BaTi[OCH2CH(CH3)OCH3]6) 
at room temperature. The keys for successfully synthesizing BaTiO3 NPs at such a low temperature 
are utilizing single-source bimetallic alkoxide as well as temporally controlled catalytic 
hydrolysis/polycondensation.221 In addition to 0D NPs, 1D BaTiO3 nanowires were synthesized 
by Urban et al. using barium titanium isopropoxide with coordinating ligands at 280 C for 6 h.222 
Despite the advantages of lower reaction temperature, and relatively simple reactants and synthetic 
procedure, the size and shape of the synthesized BaTiO3 NPs can still not be facilely and precisely 
tailored. To date, a variety of BaTiO3 nanostructures, including nanodots,
223-226 nanoparticles,227-
231 nanorods, nanocubes, and nanowires with different crystalline phases have been successfully 
synthesized by the advanced approaches mentioned above. Moreover, many advanced techniques 
like piezoresponse force microscopy (PFM), neutron scattering, and electron microscopy had been 
applied to understand the effects of size, shape, microstructure and surface conditions (i.e., defects 
on the surface or various kinds of capping agents) of BaTiO3 nanomaterials on their electric, 
dielectric and ferroelectric properties.  
Similarly, there are also a variety of methods for preparing Ruddlesden-Popper perovskites, 
but they generally required high-temperature reaction conditions or implemented in combination 
with post-high temperature treatments (> 1000 oC).232-235 Typical approaches that are commonly-
used are sol-gel synthesis,236 co-precipitation,237 spray pyrolysis,192 and combustion methods,238 
etc. The synthesis of this specific layered perovskite structure is actually quite challenging, not 
only the ratio between precursors as well as the reaction temperature need to be precisely tuned, 
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but the oxygen content of the product possibly needs to be controlled by reacting under different 
atmosphere (e.g., relatively low oxygen partial pressure, reductive atmosphere, etc.). For instance, 
Zhang et al. proposed to synthesize Ruddlesden-Popper La2MO4 (M = Ni and Co) layered 
perovskite and found that pure phase can only be acquired if the reaction temperature was higher 
than 1100 oC. A mixture of layered-perovskite and perovskite was observed when reacting at 850 
oC.236 Therefore, it might be beneficial to understand phase transformation behavior by employing 
in-situ structure diffraction techniques, thus providing guidelines for synthesizing layered 
perovskites with pure phase. In another example, Weidenthaler et al. have reported fabricating 
layered La2CoO4±δ perovskite by reducing LaCoO3 perovskite material under a controlled reducing 
atmosphere (i.e., a mixture of H2/N2) and reaction temperature. If the amount of H2 is too high, the 
original perovskite may be completely reduced, whereas if the temperature is not within a suitable 
range, intermediate phases, or complete decomposition of perovskite into simple oxide may occur. 
They have identified the layered perovskite can be formed at the temperature as low as 650 oC, 
which is generally hard to achieve, with this reducing approach. Notably, even under the optimal 
condition conducted in this paper, the final product was still a mixture of La2CoO4±δ and CoO/Co
o, 
further indicating the difficulty for obtaining layered perovskites with high purity at lower reaction 
temperature (i.e., phase segregation can be observed in Figure 1.8) and distinguishing between 
stoichiometric, non-stoichiometric and single oxides product due to the similarity in the diffraction 
peaks.179         
 
Figure 1.8 (a) STEM image of La2CoO4±δ and (b) EDX mapping of La and Co: La-Co phase (green), Co-
containing phase (red).179   
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1.2.4 Perovskite oxide materials as electrocatalysts for ORR and OER 
In a variety of energy conversion devices such as fuel cells and metal-air batteries, improving 
the kinetics of oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are the key 
approach to optimize the device efficiency.239-241 Since both reactions have high activation barriers, 
the overall performance of the energy conversion devices can be seriously limited. Therefore, the 
introduction of the catalysts is required to reduce the energy barrier and facilitate the reaction. 
Currently, the noble metal-based electrocatalysts are still being regarded as the best candidates for 
catalyzing ORR (e.g., Pt) and OER (e.g., IrO2 and RuO2). Nevertheless, noble metal 
electrocatalysts still possess their disadvantages, such as high cost thus limited supply; relatively 
lower stability, which is possibly due to the tendency to aggregate under working conditions, as 
well as lacking bifunctionality for serving as good catalysts for both ORR and OER reactions. 
Discovery of electrocatalysts with low cost and high performance thus gain significant interest 
among the research society. Perovskite oxides have been regarded as potential candidates among 
nonprecious catalysts due to their distinct features. First, they can accommodate multiple various 
cations on A-sites and B-sties, rendering the opportunity to tailor and/or optimize their electronic 
and catalytic properties.242-243 Second, partial doping with cations of different ionic radius or 
valence at the A and B sites can be facilely achieved because of high structure flexibility, leading 
to changes in the valence states of the cations on A-site and B-site and the formation of charged 
defects (i.e., oxygen vacancies, electron or cation vacancies) that might be beneficial for ORR and 
OER reaction.137, 244-246 Lastly, perovskite oxides are chemically stable under oxidative 
electrochemical reactions. However, the electrocatalytic performance of most of these studied 
perovskite catalysts is still insufficient when compared to the precious metals, possibly originated 
from a lack of understanding of the mechanism of the oxygen electrocatalysis. Furthermore, the 
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long-standing size effect problem on ORR has yet to be solved due to the incapability of precisely 
tuning the size of the perovskite catalysts.   
The catalytic mechanism of perovskite oxide is different from that of precious metal catalysts 
since the activity mainly results from the transition metals (typically occupying B-sites). Figure 
1.9 depicts the commonly-accepted pathway for the ORR reaction.247-248 In brief, the surface M-
OH- species are first formed by coordination between oxygen atom of the H2O molecule and the 
transition metal. These species then continue reacting with oxygen, resulting in the oxidation of 
transition metal (M) and replacement of surface hydroxide (OH-) to O2
2-, as indicated in step 1. In 
step 2, surface O2
2- gets protonated while M is being reduced, followed by the oxidation of M and 
formation of surface O2- (step 3). Finally, surface OH- is regenerated through the substitution of 
O2- by OH- (step 4). From the 4 steps pathway, we can find the binding (i.e., adsorption and 
desorption) of oxygen on the perovskite surface plays a crucial role in materials’ ORR activity. In 
addition, there are several important factors identified for evaluating the ORR performance of the 
perovskite electrocatalysts. First is the overlap between the eg orbital of transition metal and the 
spσ orbital of oxygen.
242, 249 Those possess higher overlap integral are typically regarded as more 
active electrocatalysts. Second is eg filling of the transition metal itself. It is generally believed that 
higher eg filling interferes with the activation of oxygen and the binding of the reaction 
intermediate, while lower eg filling inhibits the desorption of the intermediate. Therefore, eg filling 
value around 1 is regarded as the optimal electronic structure for providing higher ORR activity.250-
252 Third, the strength of metal-oxygen bonds, which can be influenced by energetic similarity 
(covalency) and spatial overlap (hybridization) of metal 3d orbitals and O 2p states, is verified to 
eventually affect catalytic performance.242 For instance, choosing transition metals that are more 
electronegative or with higher oxidation state lowers the metal 3d orbitals into O 2p states, 
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resulting in increased bond covalency and hybridization.253 However, from the results in the 
literature, we can find that it is not enough to anticipate the ORR performance only based on those 
mentioned factors. Other descriptors also contribute to the intrinsic ORR activity of the perovskites 
and need to be discovered under continued researching. 
 
Figure 1.9 (a) ORR mechanism with perovskites serve as electrocatalysts, and (b) the detailed steps of 
ORR by equations.247   
 
Figure 1.10 depicts the pathway of the OER process, which is regarded as a reverse process 
of ORR. The transition metal is also considered as the main active site for OER when using 
perovskite as the electrocatalyst, and the eg filling is also thought to be a critical parameter for 
deciphering the intrinsic OER activity of perovskite oxide materials. When the occupancy of eg is 
close to 1.2, the OER performance is believed to be optimized.137, 247, 254 Compared to ORR, the 
stability of the electrocatalysts under OER condition is even more important because the structure 
(i.e., generation of defects such as cation vacancy or oxygen vacancy and varied valence of cation 
and crystallinity) and intrinsic OER activity of perovskites may change under the high potential 




Figure 1.10 OER pathway proposed for perovskite electrocatalysts.247 
 
To enhance electrocatalytic performance, several approaches have been applied, including 
adjusting composition (e.g., completely changing the cation types or partial doping on both A-site 
and B-site), changing the crystal structure and tuning the oxygen content of the material, possibly 
resulting in modification of electronic state and eventually different binding energy and/or Gibb’s 
free energy of the reaction. Next, we will explain these strategies in more detail.  
In particular, even though cation on A-site is generally not considered as the active site for 
ORR and OER reaction, doping and/or substituting cations on A-site can still affect the 
electrocatalytic performance because it might still change the crystal structure as well as the 
electronic state. Strontium (Sr) is the cation that has often been used as an A-site dopant. For 
example, doping LaCoO3 with Sr has been reported with enhanced activity of the perovskite 
electrocatalysts. Two reasons attribute to the result. First, due to the change in the crystal structure, 
atoms have a higher tendency to align along with the Co-O-Co bond, leading to a higher overlap 
between the band structure of O 2p and Co 3d. Second, since the dopant (Sr2+) has different valence 
with A-site cation (La3+), the formation of Co with different oxidation states is required to 
compensate for the charge imbalance. Both reasons can cause better electrocatalytic 
performance.255-256 Other reasons that have mentioned in literature for improved activity after A-
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site doping include the introduction of local stress, the occurrence of the secondary phase, or the 
modification of the bond strength via changing/shifting the electronic state.252, 257 Notably, despite 
the effectiveness of enhancing the activity after partial A-site doping, the stability of the structure 
is something that needs to be cautious about because a higher degree of substitution may cause the 
breakdown of the structure. In addition to doping concentration, pre-designed reaction conditions 
and/or annealing treatment might be required to obtain perovskite catalysts with optimal electronic 
configuration and high stability under ORR and OER measurements.  
 B-site replacement is another effective approach for tuning ORR and OER activity of the 
perovskite catalyst since transition metal located on B-site is generally regarded as the active site 
for the catalytic reactions.258-260 For instance, Cobalt (Co) has been chosen as the dopant of SrTiO3 
perovskite material. Both OER activity and stability have been improved compared to the pristine 
perovskite, and the reasons for the enhancement have been assigned to optimized eg filling (~1.16) 
and lower Co-O bond strengths, facilitating the formation of oxygen vacancy thus higher 
activity.261 The synergistic effect between two kinds of transition metal ions (e.g., Ni and Co) have 
also been proved to improve both ORR and OER activity and stability since the introduction of 
transition metal with different valence (Co3+/ Co2+, Ni3+/ Ni2+) can change the binding energy of 
the OH- adsorption and O2 desorption.
262 Shao et al. picked palladium (Pd) as the dopant of LaFeO3 
perovskites. The enhancement of the ORR performance (i.e., higher mass activity, better durability 
and higher tolerance to methanol, Figure 1.11) can be observed even with small doping 
concentration, which was attributed to stabilization of the unusual oxidation states of 3+/4+ for Pd, 
thus optimal eg orbital filling and the downshift of the d-band center (easier desorption of the 
generated OH- and more active sites for further O2 adsorption).
263 In addition to doping with metal 
ions, doping the perovskite oxide with non-metal elements on B-site are also proved to be feasible. 
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Employing phosphor (P) as the dopant in perovskite structure materials (such as SrCoO3, LaFeO3, 
etc.) with improved OER and ORR activity was found, resulting from increased electric 
conductivity, changed valence state of original cation on B-site, and thus tailored adsorption and 
desorption behavior of the intermediates during the reaction.264-265  
   
Figure 1.11 (a) LSV curve of Pd-doped LaFeO3 and commercial 20 wt% Pt/C on RDE at 1600 rpm rotation 
speed in an O2-saturated 0.1 M KOH electrolyte. (b) ORR electrode activity (EA) and mass activity (MA) 
and (c) Tafel plots of the corresponding three samples.263 
  
The reactivity of the perovskites can also be affected by oxygen non-stoichiometry, specifically 
oxygen vacancies.266-268 Generally, it is believed that the conductivity of the materials can be 
improved, and the adsorption of intermediates can be promoted with higher oxygen vacancy 
concentration. Non-stoichiometric perovskites can be rendered by several methods. First is by A-
site doping or B-site doping with cations of different valences. For example, when doping LaCoO3 
with Sr, both the occurrence of the oxidation of Co (i.e., increased overlap of the Co 3d orbitals 
and O 2p states) and the generation of oxygen vacancies can be observed to reach charge neutrality. 
The relationship of Sr doping concentration and the electroactivity can be found in Figure 1.12, 
suggesting the best OER performance can be found when La cations are completely substituted by 
Sr cations.247 Second, oxygen vacancies can also be generated into the pristine perovskite structure 
by pre-designed heat treatment/annealing process.269-270 For example, after successfully obtaining 
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BaTiO3 nanomaterials, Wu et al. had proposed to introduce oxygen vacancies into the structure by 
annealing the sample in the reductive atmosphere at high temperature (1300 oC) under vacuum. 
The BaTiO3 nanomaterials transformed into hexagonal BaTiO3-x, proved by X-ray diffraction and 
neutron diffraction characterizations. Both enhanced activities in ORR and OER compared to 
stoichiometric BaTiO3 were observed and attributed to the promotion of reactants adsorption and 
charge transfer because of the generation of oxygen vacancies.270 In another research, Yang et al. 
prepared Ca2Mn2O5 from perovskite CaMnO3 through a reductive annealing approach under mild 
reaction temperature. This oxygen-deficient perovskite was then used as electrocatalyst for OER 
in alkaline media and remarkable performance was observed (i.e., reaching an OER mass activity 
of 30.1 A/g at 1.70 V). They concluded the high OER performance may be the result of (1) facile 
transport of OH- ion due to the changed unit cell structure, (2) electronic structure of cation on B-
site with high spin electron occupying eg orbitals, and (3) promoted bond formation between 
manganese cation and OH- via oxygen vacancy.269 
 
Figure 1.12 (a) Scheme showing the generation of oxygen vacancies with the introduction of Sr in LaCoO3 
perovskites. (b) OER activity of La1-xSrxCoO3-δ with varied Sr doping concentration.247   
 
Intriguingly, different crystal structures of the perovskites might render different 
electroactivity as well. Sunarso et al. synthesized LaNiO3-δ perovskites with different crystal 
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structures by heating the product at various temperatures, i.e., 400, 600 and 800oC, and observed 
the transition in crystal structure from rhombohedral to cubic. LaNiO3 electrocatalysts of cubic 
structure demonstrated enhanced ORR and OER activities compared to that of rhombohedral ones 
(Figure 1.13). The improved performance was originated from the elongated Ni-O bond length, 
thus change in Ni-O bond covalency and adjustment of the binding ability with the oxygen (i.e., 
the removal and adsorption of the oxygen).271    
 
Figure 1.13 Relationship of the ORR/OER activity of LaNiO3 and their Ni-O bond length.271  
 
Other research directions include synthesizing perovskite electrocatalysts with higher surface 
area, which is difficult because high-temperature calcination is generally required for synthesizing 
perovskites as well as synthesizing composite electrocatalysts (i.e., combining perovskite oxides 
with other carbon-based materials).272-273 In addition to the effect of increasing conductivity when 
combining to carbon-based materials, some synergistic effects are also observed. For instance, 
when mixing perovskites and the XC-72, a change from the 2e- pathway to the preferred 4e- 
pathway was found. The change in reaction mechanism and enhanced ORR and OER activity 
result from the presence of Co with lower valence (reduced by carbon), thus increased intrinsic 




- to generate O2 (in ORR) and facilitate the disproportionation of the intermediate peroxide (in 
OER).    
Compared to the perovskite structure, Ruddlesden-Popper perovskites that serve as 
electrocatalysts for ORR and OER are relatively less-studied. Huang et al. have synthesized 
perovskite LaNiO3 (LNO) nanorod and layered LaNi2O4 perovskite particle and compared their 
ORR and OER activity after dispersing them on reduced graphene oxide (rGO). LNO-NR/rGO 
demonstrated better performance in both ORR and OER measurement, following direct 4e- 
pathway in ORR with lower onset potential and bigger anodic current for OER. They only 
attributed the difference in performance to morphologic difference (i.e., LNO was in nanorod form 
whereas LaNi2O4 was in particle form), thus leading to different conductivity and electroactivity. 
Further studies can be conducted to investigate the dependence of different crystal structures on 
electroactivity if the morphology effect can be excluded.275 Due to the high ionic-electronic 
conductivity of layered perovskites, most of the research focuses on their properties as high 
temperatures. Huan et al. unveiled the intrinsic effects of a series of Ruddlesden-Popper perovskite 
catalysts toward ORR and OER activity at high temperature and investigated the influence of low-
valence ion doping and high-valence ion doping. First, the excellent intrinsic OER and ORR 
performance (i.e., before doping) was originated from the increased amount of interstitial O2- of 
fast migration and highly active lattice oxygen. Second, intriguing observations of low-valence 
ion doping decreased electroactivity because of suppressed activity of lattice oxygen and decreased 
interstitial O2- concentration, and high-valence ion doping enhanced electroactivity because of the 
opposite effect were discovered. The results suggested that by judiciously choosing dopant type, 
Ruddlesden-Popper perovskites can be promising candidates as oxygen electrodes for solid oxide 
fuel cells and solid oxide electrolysis cells.197 In another example, Jung et al. reported doped 
33 
 
layered La2NiO4 perovskite can serve as efficient bifunctional electrocatalysts for both ORR and 
OER in an aqueous alkaline electrolyte. Remarkably reduced discharge-charge voltage gaps and 
high stability during cycling were found with these catalysts in lithium-air and zinc-air batteries 
applications, which can be explained by higher Ni oxidation state (with suitable doping 
concentration) as well as the structure-enriched surface hydroxide coverage.198 Takeguchi et al. 
capitalized another type of Ruddlesden-Popper perovskites, LaSr3Fe3O10 (n = 3) as a reversible air 
electrode catalyst for rechargeable metal-air batteries. Outstanding catalytic activities of this 
layered perovskite can be corroborated with almost negligible overpotentials of both ORR and 
OER, resulting from easily removable oxygen due to the layered structure.177  
In summary, perovskites have been verified as promising ORR and OER bifunctional catalysts. 
Furthermore, the flexibility of these perovskite electrocatalysts in changing the composition and 
crystal structure may elucidate the relationship of composition, stoichiometry, oxygen deficiency, 
crystal structure, and ORR/OER performance, and finally lead to the optimal design of the 
catalysts. However, related studies are still in their early stage and some knowledge and guideline 
need to be continuously developed. First, due to the complexity of the catalytic process 
(interplaying factors), the dependency of performance on other intrinsic properties is still unclear 
to some extent. Pre-design models and systematic studies need to be proposed to understand their 
correlations. Second, the stability of the perovskite structure needs to be considered when partial 
doping of cations on A- and/or B-site is conducted and the balance between stability (especially 
under measuring condition) and activity needs to be determined. Third, both the ORR and OER 
activities of perovskites are generally inferior to other noble-metal systems, how to further improve 
the ORR/OER performance is thus another critical research direction. Finally, the synergistic 
effects between the perovskite oxides and the secondary component in the composite 
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electrocatalysts are not fully clarified. Further understanding and exploitation should be conducted. 
Overall, perovskite oxides can be potential candidates as electrocatalysts for advanced energy 
conversion devices including fuel cells and metal-air batteries, thus widespread applications of 







1.3 Synthesis of spinel magnetic materials and study of size and composition effects 
on magnetic properties 
 
1.3.1 Introduction of magnetic properties  
The magnetic properties of the material, fundamentally speaking, are the result of the 
electrons of the atom. At the atomic level, two types of electron motion, spin, and orbital contribute 
to the magnetic moment of the material. Among all the magnetic-related parameters, susceptibility 
(χ), i.e., the ratio of magnetization to the magnetic field, and its temperature and field dependencies 
renders an evaluation of the magnetic behavior of various types of magnetic materials. Based on 
the response of the magnetic dipole and the net magnetization with and/or without the applied 
magnetic field, magnetic materials can typically be classified into 5 categories, namely 
diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic and antiferromagnetic.276-280 Figure 
1.14 depicts the magnetic dipole alignment in the presence and absence of applied magnetic fields 
for each type of magnetic material. Briefly, diamagnetic materials do not have net magnetization 
without applied magnetic field while having magnetic dipole oriented in the opposite direction of 
the applied magnetic field. Therefore, the diamagnetic materials are repelled by a magnetic field. 
Oppositely, paramagnetic materials already possess nonzero magnetic moment because of 
unpaired electrons, and they show magnetic dipole moments of the same direction of the applied 
magnetic field. But the values of susceptibility are relatively small, within the order of 10-3 to 10-
5. For these two types of magnetic materials, the magnetic dipoles orient back to zero 
magnetization (diamagnet) or the intrinsically preferred direction (paramagnet) when the applied 
magnetic field is removed. On the other hand, ferromagnetic, ferrimagnetic, and antiferromagnetic 
can all be counted as a different category since partial magnetic dipoles remain even after the 
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magnetic field had been removed. The differences among these three kinds of magnetic materials 
lie in the alignment of the neighboring magnetic dipoles. Ferromagnetic materials have all the 
magnetic dipoles align in the same direction via the exchange coupling between neighboring 
moments whereas both antiferromagnetic and ferrimagnetic materials have the neighboring 
magnetic dipoles align in the opposite direction. Ferromagnetic materials therefore generally 
render larger magnetization in a relatively weak magnetic field compared to the other two. Due to 
the difference in the magnitude of the neighboring magnetic dipoles, antiferromagnetic materials 
demonstrate zero net magnetization (equal magnitude of the oppositely aligned magnetic moment 
that completely cancels out each other), while ferrimagnetic materials demonstrate some net 
magnetization (the magnitude of the magnetic moment in one direction is larger than that in the 
opposite direction).281  
 
Figure 1.14 Magnetic dipole moments and the behavior with and without the applied magnetic field. Based 
on the alignment of the magnetic dipole moment under different conditions, materials can be categorized 




Typical hysteresis loop for both ferro- or ferrimagnetic materials can be used to describe 
the magnetic behaviors, with some basic parameters like magnetization M or flux density B against 
the magnetic field strength H. Due to the response time for the reorientation of the magnetic dipole 
moment or the motion of magnetic domain walls, there’s always a delay between magnetization 
and external magnetic field, leading to the formation of the hysteresis loop.282-283 Figure 1.15 
shows the hysteresis loop, i.e., magnetization versus the applied magnetic field, from which we 
can obtain the saturation magnetization (Ms, or the maximum value of M), remanence 
magnetization (Mr, or the residual magnetization when the magnetic field is completely removed), 
and the coercivity (Hc, external filed needed to reduce the magnetization back to zero).  If the 
materials can be magnetized in a weak field (around 10 Oe), they are regarded as soft magnets. 
For instance, some permalloy (NiFe alloys) or amorphous metal alloys can be magnetized at only 
12 mOe applied magnetic field. Oppositely, if the materials need relatively large external fields to 
demagnetize and re-orientate the original magnetic dipole moment, they are regarded as hard 
magnets.  
 
Figure 1.15 Typical hysteresis loop of a ferro- or ferrimagnetic material, from which we can obtain Ms, Mr, 
and Hc.281  
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Block temperature (TB) is another critical parameter for evaluating the magnetic properties, 
representing at a specific temperature, the thermal energy (kBT) is comparable to the magnetic 
anisotropy energy, i.e., the energy barrier for spins to flip. The blocking temperature can be 
acquired from the zero-field cooling (ZFC)-field cooling (FC) measurement (Figure 1.16).284-285 
In ZFC measurement, a sample is first cooled down to low temperature (e.g., 2-10 K) in the 
absence of an external magnetic field, followed by heating up under a weak external field while 
recording the sample magnetization as a function of temperature. In FC measurement, the sample 
is first cooled with the applied external field and the same magnetic field is continuously applied 
as the temperature increases. TB is then identified as the maximum point in the ZFC curve. Notably, 
the value of TB depends on the measuring time since it is the comparison between the difference 
of measuring time and the relaxation time of the magnetic dipoles. Thus, if the measuring time is 
less than the relaxation time, the magnetic materials are in a “block” regime while if the measuring 
time is greater than the relaxation time, we can then observe the flipping behavior of the dipoles.  
 
Figure 1.16 Typical ZFC-FC curves for evaluating the blocking temperature of the magnetic materials.166 
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In contrast to bulk magnetic materials, unique properties have been observed when 
reducing the materials to nanometer-scale majorly due to the high surface-to-volume ratio. 
Magnetic nanoparticles (NPs) have thus been intensively investigated and continue to sustain 
interest due to their potential applications in various fields, including high-density data storage, 
sensing, drug delivery, hyperthermia, etc. Specific magnetic properties of magnetic NPs are 
required for different applications.286-295 For instance, higher saturation magnetization as well as 
superparamagnetic behavior are preferred for biosensing applications because they can provide 
higher sensitivity and efficiency.  
The magnetic behavior relies on two mechanisms, i.e., exchange interaction and anisotropy. 
The exchange interaction results from the combination of electrostatic coupling between electron 
orbitals and the requirement to fulfill the Pauli Exclusion Principle, leading to long-range spin-
spin interaction with the macroscopic range. Ideally, the exchange interactions should be isotropic 
while in reality, since the electron orbitals interact with the potential created by the crystal lattice, 
the spherical symmetry is broken, resulting in the spin orientation having preferred spatial 
direction. This phenomenon is called magnetic anisotropy. Magnetocrystalline anisotropy,  shape 
anisotropy, magnetostriction, and stress anisotropy can all contribute to magnetic anisotropy. In 
particular, surface anisotropy plays a more significant role when the size of magnetic materials 
decreases within the nanometer-range.296-305     
Magnetocrystalline anisotropy, which is an intrinsic property, derives from the coupling 
between spin and orbital, affecting the magnetization under applied magnetic field. Hard magnetic 
materials generally demonstrate larger magnetocrystalline anisotropy, i.e., the energy needed for 
changing the orientation of the magnetic dipole moments, thus rendering larger coercivity in 
hysteresis measurement. Soft magnetic materials, on the other hand, demonstrate smaller 
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magnetocrystalline anisotropy as well as smaller coercivity. Shape anisotropy, which is an 
extrinsic property, is caused by magnetostatic energy. Specifically, this energy can be of 
importance when the magnetic materials are with non-spherical morphology. Surface anisotropy 
is originated from the discontinuity for magnetic interactions of the surface layer, and it is more 
predominant when the sizes of the magnetic materials decrease. The canted and/or disordered 
surface spins might be induced by the local crystal field, the lower coordination number of the 
surface atoms, as well as broken magnetic exchange bond. In brief, the effective anisotropy 
constant (Keff) of a spherical particle can be described as the equation below:
306-309 




where K is magnetocrystalline anisotropy constant, Ks is surface anisotropy constant, and d is the 
diameter of the particle. The equation thus indicates how significant the size of the nanoparticles 











1.3.2 Superparamagnetism and structure of spinel magnetic nanoparticles 
Bulk magnetic materials consist of multiple magnetic domains, referring to the area with 
uniform magnetization, and the interface between the domains, which are called domain walls. 
With reducing the size of the magnetic materials, domains will start to re-orientate themselves to 
reach the status with minimum energy. For example, when the dimension of the material is reduced 
below a critical length (Rc), the magnetic material will become single-domain because it requires 
higher energy for maintaining domain walls. This critical size can be influenced by spontaneous 
magnetization, the anisotropy constant (K), and the exchange energy density, thus typically fall 
within a wide size range from 10-800 nm.310-317 If we continuously reduce the dimension of the 
magnetic materials, the superparamagnetic behavior can be observed. This phenomenon occurs 
when the magnitude of the magnetic anisotropy energy is comparable to or even lower than the 
thermal energy, leading to thermally fluctuated magnetic moment and a single-spin-within-
paramagnetic material-like behavior.281, 318-322  
Stoner-Wohlfarth is a simple model for describing the magnetic behavior within single-domain, 
isotropic spherical particles without the applied magnetic field. The magnetic anisotropy energy 
has the relationship below:323 
𝐸𝐴 = 𝐾𝑉𝑠𝑖𝑛
2𝜃  
where EA is the anisotropy energy (i.e., the energy barrier for flipping the magnetic dipoles), K is 
the magnetocrystalline anisotropy constant, V is the volume of the particle and θ is the angle 
between the intrinsic easy axis of the magnetic dipole of the materials and the applied magnetic 
field. When θ=0 or π, the minimum anisotropy energy can be observed, and these two minimum 
points are symmetrically separated by an energy barrier as high as KV.  
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Among all the magnetic materials, 3d transition metal oxide-based magnetic nanomaterials 
with spinel structure, including magnetite (Fe3O4), manganese ferrite (MnFe2O4), cobalt ferrite 
(CoFe2O4) and nickel ferrite (NiFe2O4) have attracted tremendous interest because of their low 
cost, relatively facile synthetic processes, high chemical, and mechanical stability, as well as 
tunable magnetic properties by changing the composition and cation distribution among different 
sites within the crystal lattice.324-334 Furthermore, those metal oxide nanomaterials are found to be 
useful for different kinds of applications in various biomedical and technological fields, including 
biosensor, bio-separation, hyperthermia, catalysis, information storage, etc. due to their unique 
magnetic, optical, electronic and catalytic properties.324-329, 335-346 Different magnetic properties are 
required for different kinds of applications, the capability of tuning the magnetic properties of 
those metal oxide magnetic nanocrystals therefore becomes one of the focuses of the research. 
3d transition metal oxide nanocrystals with spinel ferrites, belonging to Fd3m space group, 
have a general formula of MFe2O4 (M = Mn, Co, Fe, etc.). The cubic unit cell is composed of 56 
atoms, containing 32 close-packed oxygen anions, 24 cations occupying 8 (out of 64 in total) 
tetrahedral site (A-sites), and 16 (out of 32 in total) octahedral sites (B-sites). The unit cell of spinel 
ferrites is shown in Figure. 1.17.347 The structural formula can also be expressed as below, based 




where the atoms in first brackets represent the average occupancy of A-sites, while the atoms in 
second brackets represent the average occupancy of B-sites and i is the inversion parameter. Based 
on different kinds of cations distribution, the spinel structure can be further divided into normal 
spinel, inverse spinel, and mixed spinel structure. In a normal spinel structure, tetrahedral sites (A-
sites) are all occupied by 8 bivalent cations (M2+) and octahedral sites (B-sites) are all occupied by 
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trivalent cations (Fe3+ in the case of spinel ferrite). In an inverse spinel structure, all the 8 
tetrahedral sites are occupied by trivalent cations, whereas the octahedral sites are occupied by 
both bivalent cations and trivalent cations. In terms of the inversion parameter (i), i = 0 represents 
the normal spinel structure while i = 1 represents the inverse spinel structure. Finally, if the bivalent 
cations, instead of only present on tetrahedral sites (normal spinel structure) or octahedral sites 
(inverse spinel structure), present on both 2 sites, then the materials are with mixed spinel structure 
(0 < i < 1).347-353 
 
Figure 1.17 Schematic representation of the unit cell of spinel ferrite structure.347 
 
Specifically, the normal spinel structure shows the structural formula of M2+[Fe2
3+]O4
2-. Zinc 
ferrite is the typical material that has this kind of structure (Zn2+[Fe2
3+]O4
2-). Mixed spinel structure 





2- since both M2+ and Fe3+ 
cations are occupying tetrahedral sites and octahedral sites. Manganese ferrite possesses this type 
of structure and typically has an inversion degree of 0.2. Inverse spinel structure, on the other hand, 
shows the general structural formula of Fe3+[M2+Fe3+]O4
2- and has the representing materials like 
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iron oxides, cobalt ferrites, and nickel ferrites. Intriguingly, the inversion degree (i.e., cation 
distribution, indicating the distribution of 2 different cations on 2 sites) is not a set value even for 
the same material, it can be altered by lots of synthetic condition, especially the annealing step 
with various temperatures and time.288-289, 293-294 And sometimes change in size and shape of the 
materials can result in different inversion degrees as well. Below shows the schematic illustration 
of the cation distribution and the corresponding magnetic dipole moment alignment with three 
different spinel structures (Figure 1.18).  
 
Figure 1.18 Cations distribution with (a) normal, (b) mixed, and (c) inverse spinel ferrites and the 




1.3.3 Routes to spinel magnetic nanoparticles 
Despite relatively well-established dependence of magnetic properties on the size of the 
magnetic nanomaterials, magnetic behavior is complicated and cannot be predicted simply by one 
parameter, e.g., the change in shape, composition, and structure of the nanomaterials can have a 
significant influence on the magnetic properties as well. Size effect even though has been widely 
discussed, on magnetic properties is relatively clear but some critical parameters still have not 
reached a consensus.354-361 For example, as the size of the nanomaterials increases, the materials 
will show the transition from superparamagnetic, single-domain to multidomain magnetic 
behavior and Ms will gradually increase and finally reach to a plateau with the value close to that 
of bulk materials, whereas Hc will reach the maximum value twice at the transition crystal lengths 
between different magnetic behaviors.281 However, defining a discrete transition point is 
challenging since the number varies from different literature. On the other hand, there’s relatively 
less research on the effect of shape on the magnetic properties of nanomaterials, possibly due to 
less controllability over the shape of the materials. With that being said, there are still some studies 
on synthesizing unique shapes of magnetic nanocrystals including nanocube, nanorods, nanowires, 
nanodiscs, tetrapods, etc.332, 362-368 Some papers attributed the different magnetic properties 
(coercivity in this case) between different shapes to the different coordination numbers of the 
oxygen atom on the surface, leading to less surface pinning and eventually different anisotropy 
constant. In contrast, there is no unifying trend for the correlation between shape and Ms for 
nanocrystals even though some papers indeed proposed that difference compared between cubic 
and spherical morphologies resulted from the number of disordered spins. Therefore, it would be 
helpful to provide more systematic studies on this topic with nanocrystals spanning a larger range 
of sizes and shapes. Finally, the composition is the most extensively-studied parameter for 
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determining the magnetic properties of the material. Tuning the composition can render a direct 
and significant impact on the magnetic properties. An obvious explanation is that different metal 
ions possess a different number of unpaired electrons. For instance, Fe3+ has five unpaired 
electrons, generating magnetic moment with 8.5 Bohr magnetons in magnitude (estimated based 
on the magnetic moment of a single electron is around 1.73 Bohr magnetons).369-371 In addition, 
the distribution of cations on either octahedral and/or tetrahedral sites, specifically in spinel or 
inverse spinel structure cases, can have a critical influence on magnetic properties as well. The 
reason lies in the different alignment of the magnetic moment on different sites, i.e., the cations in 
the octahedral sites are aligned parallel to the magnetic field, whereas those in the tetrahedral sites 
are aligned antiparallel. The magnetic moments on 2 sites are canceling out each other, therefore, 
the net change in magnetic moment depends on how cations (with a varied number of unpaired 
electrons) present in specific sites.372-379 More studies are in progress for understanding the impact 
of the composition by varying the precursor concentration, the synthetic approach, and by 
controlling post-synthetic cation exchanges.      
To elucidate the morphology, composition, and structure effect on 
magnetic/superparamagnetic behavior of magnetic nanomaterials, how to synthesize magnetic 
nanocrystals with controllable dimension, shape, and composition thus become crucial. Here, we 
will focus on the synthesis approaches for magnetic metal oxide nanocrystals with spinel structure. 
In general, the synthesis of magnetic metal oxides nanocrystals can be conducted both in aqueous 
and nonaqueous solutions. Disregards of the solvents used, surfactant/ligands as stabilizers are 
always required for successfully obtaining monodisperse magnetic spinel metal oxides 
nanocrystals. In terms of the synthesis in aqueous solution, a variety of approaches, including co-
precipitation, microemulsion, hydrolysis, sonochemical and hydrothermal reaction, etc., have all 
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been proposed previously.380-389 Nanoparticle, among all kinds of nanometer-scaled morphologies, 
is the most commonly-seen and discussed one. The size of the synthesized nanoparticles typically 
falls within the range of 5-30 nm. Furthermore, many of these processes can be used for preparing 
metal oxide nanocrystals with various dopants, providing the possibility to investigate the 
influence of dopant types and concentration on magnetic properties. Nevertheless, they all have 
their disadvantages. Take the co-precipitation method as an example, it generally suffers from the 
necessity of careful adjustment of reaction condition and poor controllability over size, size 
distribution, and shape of the product. On the other hand, the reverse micelle method (micelles, 
generated by water-in-oil emulsions, serve as nanoreactors to capture the water-soluble precursors 
within the micellar cores) provides good controllability of size and shape of as-synthesized 
nanoparticles, while polymer-template-assisted method provides structural stable magnetic 
nanoparticles through polymeric supports. 
Nonhydrolytic procedures for synthesizing magnetic metal oxide nanocrystals rely on thermal 
decomposition of suitable precursors in hot surfactants. Metal carbonyl, acetate, acetylacetonate, 
and carboxylate are some of the commonly-chosen precursors. Magnetic metal oxide nanocrystals 
with spinel structure synthesized by this pathway generally possess good crystallinity as well as a 
more uniform size and shape. Li et al reported the synthesis of magnetic nanoparticles by 
employing iron (III) acetylacetonate as the precursor under high-temperature (i.e., refluxing 
temperature of diphenyl ether) reaction. By introducing oleic acid and oleylamine as surfactants, 
monodisperse magnetic nanoparticles with a size smaller than 6 nm can be successfully acquired. 
Moreover, a seeded growth process (two-step synthetic process) had been conducted, and 
nanoparticles with size up to 16 nm in diameter can be obtained.287 The synthesis of other magnetic 
metal oxide nanocrystals can be done by facilely substituting different metal precursors for iron. 
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For instance, thermal decomposition of (η5-C5H5)CoFe2(CO)9 with the presence of oleic acid in 
octyl ether, followed by oxidation by trimethylamine can generate CoFe2O4 nanocrystals.
390 
Furthermore, the size of the cobalt ferrite nanocrystals can be tuned via controlling the molar ratio 
of precursor to oleic acid and the carbon chain length of carboxylic acids. Besides precisely 
controlling the size of the magnetic metal oxide nanocrystals with spinel structure, Zhang et al. 
proposed the critical parameter for reversibly interchanging between spherical and cubic 
morphology was the nanocrystal growth rate, which can be controlled by heating rate during the 
reaction.332 By employing nonhydrolytic reaction with a seed-mediated growth approach, high-
quality and monodisperse spinel cobalt ferrite with a tunable shape between nearly spherical or 
almost perfectly cubic morphologies can be obtained and the correlation between nanocrystal 




1.3.4 Potential applications of magnetic nanoparticles  
The usage of magnetic materials can be traced back to ancient china more than two thousand 
years ago.  Nowadays, magnetic materials are indispensable in our daily life in various fields of 
applications, stimulating research for elucidating the physical or chemical properties to magnetic 
performance fundamentally. For instance, reliable ultrahigh-density and low-cost magnetic storage 
devices are in high demand due to the extensively-used computers and a variety of electronic 
devices. One research focus lies in developing novel possible arrangements for recording besides 
common recording techniques, i.e., longitudinal, and perpendicular recording, to increase 
recording media density. In addition, discovering materials with higher anisotropy and coercivity 
with small material dimensions while maintaining ferromagnetic/ferrimagnetic behavior instead 
of transition into superparamagnetic behavior (known as the superparamagnetic limitation) is also 
critical in developing more advanced memory devices.391-393 
 
Figure 1.19 Applications of magnetic nanostructures in cancer therapy, drug carrier, and gene therapy 
because of their heat activation ability.390  
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These magnetic nanocrystals with unique properties can also be applied in various biomedical 
applications, such as contrast enhancement in magnetic resonance imaging (MRI), nano-sized 
carriers in drug delivery, mediators in converting electromagnetic energy to heat, targeting and 
biosensing agents, etc.394-399 Magnetic nanocrystals with high magnetic moments, small size as 
well as narrow size distribution are critical properties required in those bio-related applications. 
Based on those properties, the magnetic nanocrystals can show well-defined and well-controlled 
physical and chemical properties. Four important areas of cancer theranostics with the employment 
of magnetic nanomaterials are illustrated in Figure 1.19. Localized heat induction, derived from 
placing magnetic nanocrystals under an alternating magnetic field, is an emerging technique that 
can be used in cancer treatment, thermally activated drug release, and remote activation of cell 
functions.400-405 The induced heat comes from the energy losses during the magnetization reversal 
of the magnetic nanomaterials, thus depending on a variety of different intrinsic properties of the 
magnetic nanomaterials including size, magnetization, and magnetic anisotropy as well as extrinsic 
properties like the amplitude and frequency of the applied alternating magnetic field. To be more 
specific, the magnetization reversal occurs from two different processes, which are hysteresis loss 
(happen in ferromagnetic nanocrystals) and susceptibility loss (happen in superparamagnetic 
nanocrystals). Hysteresis loss is strongly affected by the amplitude of applied magnetic field and 
magnetic coercive field whereas susceptibility loss is associated with Neel reaction and Brownian 
rotation of the nanocrystals. The Neel relaxation is controlled by anisotropy energy of the magnetic 
nanomaterials and the Brownian rotation, on the other hand, is directly related to the hydrodynamic 
volume of the materials. Research then focuses on improving inductive heating efficiency by 
modifying the properties of magnetic nanostructures. For instance, hard and soft ferrites with a 
core-shell structure are proved to demonstrate higher magnetic heating power because of strong 
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exchange-coupling. Synthesizing nanostructures with various morphologies, such as nanoflowers, 
nanoclusters, and nanoassemblies had been shown with enhanced heating power as well due to the 
cooperative magnetism among nanomaterials. In summary, metal oxides with optimized size, 
shape, and magnetic performance that can render high specific adsorption rate values are 
demonstrated to be promising materials in the heat-induction biomedical applications. However, 
some questions still need to be addressed, such as the long-term stability, toxicological impact, 
site-specific internalization, the metabolism of the magnetic nanomaterials as well as the discovery 
of large-scale and highly reproducible synthetic approach.390  
MRI is a noninvasive technology commonly used in clinics for diagnostic imaging. The change 
in magnetization of protons in a magnetic field after being exposed by a radiofrequency pulse is 
measured.401, 406-408 This signal magnitude can not only be affected by the concentration of 
hydrogen atoms in specific volume, but also the rate of relaxation of the spin of the proton T1 (in 
the z-axis) and T2 (in the xy-plane).
409 The T1 relaxation (i.e., spin-lattice) results from the energy 
loss as heat, while the T2 relaxation (i.e., spin-spin) comes from the phase coherence or dephasing. 
By introducing MRI contrast agents, the relaxation time can be reduced, leading to better 
contrast/signal in MRI images. Both T1 and T2 can be tuned by the magnetic contrast enhancers 
like superparamagnetic metal oxide nanocrystals, while the agents have a stronger effect on T2. 
For example, superparamagnetic nanocrystals, magnetically saturated with the applied magnetic 
field under MRI measurement, provide local variations in the magnetic susceptibility of the system 
and decrease T2 while maintaining relaxation time of T1, finally resulting in enhanced negative 
contrast. A variety of superparamagnetic contrast agents are commercially available, most of them 
are based on superparamagnetic iron oxides. The nanocrystals need to be small enough (typically 
less than 30 nm) to gain high efficiency and a longer lifetime without being trapped in specific 
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organs. Furthermore, magnetic nanocrystals with different kinds of surface functionalization, such 
as polymers, liposomes, and proteins, can become target specific for imaging. When the 
therapeutic drugs or gene vectors are encapsulated in the functionalized magnetic nanocrystals 
system, diagnostic and therapeutic drug delivery vehicle can be provided.     
In addition, significant attention has been directed toward the development of magnetic 
nanomaterials as sustainable nanocatalysts for specific chemical transformations and photo- and/or 
electrochemical reaction due to their unique advantages such as efficient activity, low cost, simple 
synthetic approach, high stability and facile separation by the external magnetic field. In particular, 
spinel materials have been used as electrode materials in Na-ion, Mg-ion and Zn-ion batteries as 
well as catalysts for facilitating NOx reduction, CO oxidation, CO2 reduction, hydrogen evolution 
reaction (HER), oxygen reduction reaction (ORR), oxygen evolution reaction (OER), etc.410-418 
Among various catalytic reactions, spinel nanomaterials demonstrate remarkable ORR and OER 
activity, which are the key process for energy conversion and storage devices. By precisely 
controlling the structure, composition, phase, valence, morphology, and defect of the as-
synthesized spinel nanomaterials, not only spinel catalysts with activities comparable to those of 
noble metals can be developed, but the correlation between the intrinsic properties and their 
electrocatalytic performance can be understood fundamentally. Besides optimizing the intrinsic 
properties of the spinel nanocrystals, thus enabling better affinity with oxygen-containing groups, 
fabricating spinel/carbon-based hybrids with small particle size, nice dispersion, and increased 
electrical conductivity as catalysts is also proved to be an effective way to enhance the catalytic 
activities. Developing porous 3D structures can also be beneficial to facilitate air transport during 
the ORR/OER reaction. More systematic experiment design and comprehensive understanding can 




1.4 Polymeric nanoreactor for synthesis of inorganic nanoparticles 
Nano-scaled inorganic colloidal nanoparticles possess many different properties such as high 
electron density and strong optical absorption (such as metal particles), photoluminescence in the 
form of fluorescence (semiconductor quantum dots) or magnetic moment (iron oxide or cobalt 
nanoparticles).419-424 Proper surface functionalization of such nanoparticles is the prerequisite for 
every possible application since it can determine the interaction between the particles with the 
environment. The choice of the right ligand, depending on the materials of nanoparticles and the 
solvent in which the particles are dispersed, can yield stable particles. One of the commonly-used 
capping strategies is by attaching small ligands to the surface of nanoparticles via non-covalent 
binding, which is relatively unstable and can easily desorb and impair the stabilization of the 
particles. Employing polymer as a ligand is another general approach to stabilize nanocomposites 
as well as provide access to control the macroscopic alignment of nanoparticles within polymer 
matrices. Among the polymer-assisted approaches, most of them utilize polymeric micelle as 
templates for nanoparticle in-situ synthesis by self-assembly of linear block copolymers. To obtain 
fine nanoparticles with this method, optimal conditions need to be precisely tuned and the size and 
shape of the resulting nanoparticles are highly sensitive to the environment.  
A robust and general strategy for synthesizing stable unimolecular micelles with well-defined 
size and structure, then subsequently served as nanoreactors for a variety of nanoparticle synthesis 
has been proposed by Lin. For synthesizing star-like nanoreactors for nanoparticle synthesis, 21-
arms ß-cyclodextrin (ß-CD) is first brominated, converting hydroxyl groups into bromine. Then 
resulting brominated ß-CD has been used as the initiator for two- or three-times sequential atom 
transfer radical polymerization (ATRP). Whether do ATRP twice (diblock nanoreactors) or three 
times (triblock nanoreactors) depends on the morphologies of particles one would like to obtain in 
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the end (Figure 1.20). By employing diblock star-like copolymers, we can obtain plain 
nanoparticles with second-block polymer capped on the surface, while utilizing triblock star-like 
copolymers, we can obtain even more complicated structures, such as core/shell or hollow 
structures. The mechanism for synthesizing nanoparticles with various nanostructures is by the 
coordination interaction between precursors and functional groups of polymers.425  
 
Figure 1.20 (a) Schematic representation of synthetic strategies for nanoparticles with different 
architectures (plain and core/ shell) using star-like block copolymers (b) Representative TEM images of a 
variety of nanoparticles synthesized using star-like block copolymer.425  
 
Take triblock poly(4-vinyl pyridine)-block-poly(tert-butyl acrylate)-block-polystyrene (P4VP-
b-PtBA-b-PS) as an example, if we desire to obtain ferromagnetic/ferroelectric Fe3O4/BaTiO3 
core/shell nanoparticles, we first mix the precursor of Fe3O4 with the triblock template. By 
coordination between Fe3O4 precursor and pyridine group of P4VP, the monodispersed Fe3O4 core 
can be formed and confined within the P4VP block area. After hydrolyzing and converting PtBA 
into poly(acrylic acid) (PAA), again we can obtain BaTiO3 shell by coordination between BaTiO3 
precursor and carboxylic group of PAA. Eventually, we can get monodispersed, PS-capped Fe3O4/ 
BaTiO3 core/shell nanoparticles. Furthermore, by changing ß-CD into cellulose and applying 
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similar synthetic procedures (Figure 1.21), we can produce nanoreactors for synthesizing rod-like 
materials, including plain nanorod, core/shell nanorod as well as hollow nanorod, thus proving the 
versatility of this strategy for fabricating all kinds of materials with various nanostructures.  
 
Figure 1.21 Schematic strategies for 1D nanocrystals via employing amphiphilic cylindrical bottlebrush-
like block copolymers as nanoreactors: (a) Diblock copolymer for synthesizing plain nanorods, and (b) 
triblock copolymer for synthesizing core-shell nanorods.426  
 
This nanoreactor-assisted synthetic approach can be capitalized for synthesizing a rich 
diversity of inorganic nanomaterials, especially with more complicated composition and structure. 
Taking synthesis of perovskite oxide (i.e., BaTiO3, PbTiO3 or other La-based materials) as an 
example, the first advantage of this strategy is the capability of acquiring monodisperse perovskite 
oxide nanoparticles with tailorable dimension, which is rather difficult to achieve since the 
formation of perovskite materials typically requires high reaction/annealing temperature. And the 
size of the as-synthesized nanoparticles can be simply modified by changing the molecular weight 
of the inner block polymer, opening the avenue to investigate the size effect on desired properties. 
Second, since the outer block is covalently and permanently ligated on the surface of the as-
synthesized nanoparticles, the nanoparticles can remain dispersing and stable even after multiple 
purification steps, which is in opposition to other convention small molecules or ligands. Third, 
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despite different solubility of precursors (particularly in perovskite oxide synthesis, more than two 
precursors are normally required) in the reaction solvents, by employing the coordination ability 
between the functional group and metal moieties within precursors, the optimized stoichiometry 
of the final product can be tuned by changing the ratio between different precursors accordingly. 
Finally, by changing the outer block of the nanoreactor, we can modify the surface chemistry of 
the as-synthesized nanoparticles, leading to excellent dispersity in desired solvents, thus rendering 
various potential applications in different fields. Consequently, this versatile synthetic strategy for 
producing monodisperse nanocrystals with the controllable size is essential for a better 
understanding of the fundamental relationship between material morphologies and the desired 
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CHAPTER 2. RESEARCH GOALS, OBJECTIVES, AND OVERVIEW 
2.1  Goals             
The goals of this research are to (1) develop a robust approach for synthesizing both star-
like diblock and triblock copolymers with controlled molecular weight of each block, respectively 
and narrow molecular weight distribution serving as nanoreactors for subsequent in-situ synthesis 
of inorganic nanoparticles with tailorable size, architecture and surface chemistry; (2) craft 
perovskite oxide nanoparticle (BaTiO3, PbTiO3, LaFeO3, and LaMnO3) and layered perovskite 
oxide nanoparticle (LaCo2O4) with uniform morphology, tunable size, excellent dispersity in 
various organic solvents as well as controllable composition (i.e., introducing dopants with pre-
determined concentration) via employing star-like diblock copolymer as nanoreactors for use as 
promising electrocatalysts and scrutinize the size-, dopant- and structure-dependent oxygen 
reduction reaction (ORR) and oxygen evolution reaction activity; (3) synthesize spinel ferrite 
nanoparticles with tunable composition and dimension via polymer-assisted approach for 
elucidation on composition and size effects on magnetic properties. The overall goal for this study 
is to synthesize star-like diblock and triblock copolymers with controlled molecular weight and 
narrow molecular weight distribution and use those polymers as nanoreactors of a versatile method 
for obtaining diverse inorganic nanoparticles with tailorable dimension, crystallinity, composition 
and surface functionality for electrocatalytic and magnetic properties investigation. 
Several critical factors can significantly affect the desired properties of the as-synthesized 
nanoparticles. First, in terms of the star-like polymer nanoreactors, the architecture, the molecular 
weight of each block, the polydispersity, the functional groups as well as the outer block can all 
play important roles in determining the properties and thus the performance for specific 
applications of the nanoparticles. Second, during the nanoparticle synthesis, type of the precursor 
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chosen, speed of raising temperature, reaction temperature, and reaction time can also result in 
nanoparticles with distinct features. Therefore, by understanding the interaction between 
nanoreactors and inorganic nanoparticles and how the change in polymeric nanoreactors can affect 
the growth of the inorganic nanoparticles, nanoparticle with controllable morphology, composition 
and crystallinity change can be rendered and systematic study on the correlation between the 
changes with those as-synthesized nanoparticles with their properties and performance can be 
achieved.  
There are several advantages for synthesizing inorganic nanoparticles by this robust 
nanoreactor-assisted approach. First, by exploiting the coordination interaction between the 
functional group of the star-like polymer with the metal moieties of the precursor, the precursor 
can be confined within the specific compartment, yielding highly uniform nanoparticles. 
Furthermore, the size of the as-synthesized nanoparticles can be tailored by simply changing the 
molecular weight of the polymer. Second, since the outer block polymers are covalently ligated on 
the surface of the nanoparticles, nanoparticles are highly stable even after multiple purification 
steps and can be well-disperse in good solvents of the outer block polymers. Third, the inorganic 
materials synthesized in this study (i.e., perovskite oxide and spinel ferrite) typically required 
higher synthetic temperature, resulting in aggregation and irregular morphology, while using star-
like polymers as nanoreactors, the as-synthesized particles can be within nanometer regime. Forth, 
simply by introducing different precursors with pre-determined concentration, doped nanoparticles 
can be formed with excellent morphology and dispersity. Finally, the synthetic procedure for 
nanoparticles is versatile, relatively easy, and straightforward. The capability to synthesize 
nanoparticles with precisely controllable dimension, morphology, crystallinity, and surface 
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chemistry opens an avenue for elucidating fundamental science questions and possibly provide 
guidelines for designing materials in various application fields.            
 
2.2  Objectives 
Below are the specific research objectives based on the goal noted above.  
Study 1: Synthesis of amphiphilic and double hydrophilic star-like block copolymers and the 
dual pH-responsiveness of unimolecular micelle 
(a) Synthesizing star-like diblock copolymers (P4VP-b-PAA) and triblock copolymers (P4VP-b-
PAA-b-varied outer block) with controllable molecular weight of each block and narrow 
polydispersity, which can possibly serve as polymeric template for subsequent inorganic 
nanoparticle synthesis. 
(b) Adding linear initiator when polymerizing the star-like second and the third block was found 
to be beneficial to control the molecular weight distribution, especially in the case when 
pyridine-containing polymers are involved within non-linear polymer architecture. 
(c) The capability of tailoring the surface chemistry (i.e., the third block) of the star-like polymer 
by simply changing the monomer from styrene, methyl(methacrylate) and ethylene oxide and 
reaction (i.e., ATRP and click reaction) had been demonstrated, leading to possibilities in 
various kind of applications.  
(d) Dual pH-responsive behaviors of double hydrophilic star-like P4VP-b-PAA diblock 
copolymer had been demonstrated and the discussion on the possible morphology evolution 




Study 2: Tailoring electrocatalytic activity of in-situ crafted perovskite oxide nanocrystals 
via precise size and dopant 
(a) By employing star-like PAA-b-PS diblock copolymers as nanoreactors, in-situ synthesis of 
various monodisperse, PS-capped perovskite oxide nanoparticles (i.e., BaTiO3 and PbTiO3) 
with controllable dimension and high purity can be successfully acquired, which is generally 
difficult due to high formation energy required for synthesizing perovskite oxides.  
(b) Meticulous characterization of the as-synthesized perovskite oxide nanoparticles had been 
provided, and the relationship between composition (especially by doping), size, and 
electrocatalytic performance (i.e., oxygen reduction reaction (ORR) performance) had been 
exhibited, leading to guidelines for optimizing the desired properties of electrocatalysts.  
(c) To better understand the mechanism of the enhanced electrocatalytic performance after doping, 
DFT calculation had been conducted and mechanisms for the phenomenon had been proposed. 
This versatile polymer-assisted approach together with as-synthesized perovskite oxide 
nanoparticles provided an excellent platform for elucidating doping and size effect on 
electronic structure, adsorption energy/Gibb’s free energy difference and thus electrocatalytic 
performance. 
 
Study 3: Electrocatalytic activity of monodisperse, Ruddlesden-Popper layered perovskite 
nanocatalysts for oxygen reduction and evolution reactions  
(a) Successfully synthesizing three kinds of La-based nanoparticles (i.e., LaFeO3, LaMnO3, and 
La2CoO4) with perovskite and Ruddlesden-Popper layered perovskite structure by employing 
star-like PAA-b-PS diblock copolymer as nanoreactors. In particular, the synthetic temperature 
for acquiring Ruddlesden-Popper layered perovskite nanoparticle can be significantly reduced 
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based on this synthetic strategy, possibly resulting from nanometer-scaled products and 
different surface chemistries.  
(b) Similarly, the size of the as-synthesized nanoparticles can be tailored by modifying the 
molecular weight of the inner PAA block due to the strong coordination interaction between 
the precursors and the functional group within PAA block, enabling the investigation of the 
dependency of size on electrocatalytic activities.  
(c) Ruddlesden-Popper layered La2CoO4 perovskite nanoparticles, for the first time, have been 
demonstrated as a promising candidate for bifunctional electrocatalysts for both ORR and 
oxygen evolution reaction (OER) at low temperature. Furthermore, the performance was 
superior to other La-based perovskite nanoparticles as well as some previously reported 
perovskite-based catalysts. The remarkable performance can be originated from highly-active 
lattice oxygen and an increased amount of hydroxyl groups.  
 
Study 4:   Facile manipulation of magnetic properties of spinel MFe2O4 (M = Co, Ni, Mn)  
nanoparticles via robust size and composition engineering 
(a) Three kinds of magnetic spinel ferrite nanoparticles have been synthesized by utilizing star-
like PAA-b-PSAN diblock copolymer as nanoreactors. Similarly, dispersity in various organic 
solvents and the controllability of the dimension can be rendered by this robust synthetic 
approach. 
(b) Composition and structure (mixed spinel structure) had been scrutinized by detailed 
characterizations. 
(c) Investigation of the dependency of magnetic properties on composition (i.e., CoFe2O4, 
NiFe2O4, and MnFe2O4) and size was exhibited and discussion between the mechanism for the 
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difference was provided.  
 
2.3  Organization and composition of the dissertation 
Chapter 1 is a brief review on several topics, including the introduction on (1) non-linear 
polymer, (2) perovskite-based materials, and (3) magnetic materials, related to this dissertation. 
First, in terms of non-linear polymer, the examples of non-linear polymer structure with varied 
topologies, compositions, and functionalities are demonstrated, followed by a general introduction 
on three categories for synthesizing non-linear polymers, which are “core-first”, “arm-first” and 
“coupling onto”. Star-shaped polymer, having the simplest structure among all the non-linear 
polymer, is specifically discussed with their classifications. To obtain a well-defined structure 
regarding composition and molecular architecture of star-shaped polymers, living/controlled 
radical polymerization was identified as a robust synthetic approach because of their mild reaction 
conditions and can be applied to polymerize a rich diversity of monomers. In particular, the 
mechanism of both reversible addition-fragmentation chain transfer (RAFT) and atom transfer 
radical polymerization (ATRP) are discussed. Finally, the distinct features and applications of non-
linear polymers are exhibited. Second, we put our focus on perovskite oxide and their applications 
as electrocatalysts. In this part, a brief introduction to the structure of perovskite oxides and 
derivatives of perovskite oxides (by changing the intergrowths layer and tuning the oxygen content, 
especially layered perovskite with Ruddlesden-Popper structure) is first given. Among all, 
intriguing dielectric, ferroelectric, and size effects on domain configuration of BaTiO3 are 
specifically discussed. The common synthetic approaches for preparing perovskite oxides are then 
listed and compared. Finally, basic mechanisms for ORR and OER are proposed, followed by 
some studies of capitalizing perovskite oxide as electrocatalysts for these reactions. The last part 
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of the introduction focuses on magnetic materials. We first discuss different magnetic behaviors 
and typical features as indicators for magnetic properties. Then the structure of spinel magnetic 
materials, especially the emergence of superparamagnetic behavior when the size of the materials 
is reduced under specific critical numbers is discussed. Approaches for obtaining those spinel 
magnetic materials are then proposed. Finally, some examples of potential applications with those 
magnetic materials are discussed.  
Chapter 2 describes the scientific goals and objectives of the work presented in this 
dissertation. First is the synthesis of star-like diblock and triblock copolymer that consists of 
pyridine-group polymer as the first block, with tailorable molecular weight, narrow molecular 
weight distribution, and the dual pH-responsive behavior of star-like hydrophilic diblock 
copolymer. Second is the synthesis of perovskite oxide nanoparticles with tunable size and dopant 
type as promising catalysts for ORR. Third is the synthesis of three kinds of La-based nanoparticles 
with both perovskite and layered perovskite structure and their electrocatalytic performance for 
both ORR and OER. Last is the synthesis of spinel magnetic nanoparticles with tunable size, 
composition, and the dependency of magnetic properties on these factors.    
Chapter 3 presents the experimental condition as well as characterizations that are crucial 
for the studies in this dissertation. Material synthesis includes synthesizing star-like diblock and 
triblock copolymers (with 21-arms macroinitiator), star-like diblock copolymer with 8-arms 
macroinitiator, and synthesis of different kinds of inorganic nanoparticles (i.e., BaTiO3, PbTiO3, 
La-based perovskite and layered perovskite nanoparticles and spinel ferrite nanoparticles). 
Material characterization techniques include gel permeation chromatography (GPC), proton NMR 
(1H NMR), Fourier transform infrared spectroscopy (FTIR), dynamic light scattering (DLS), X-
ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and 
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transmission electron microscopy (TEM). Materials property measurements include piezoresponse 
force microscopy (PFM) and electrochemical characterization station.  
Chapter 4 reports the synthesis of star-like diblock and triblock copolymers, containing 
poly(4-vinyl pyridine) (P4VP) as the first block. Normally, synthesis of star-like polymer 
consisting of pyridine-containing (in this case, P4VP) with ATRP is difficult due to the easy 
occurrence of the coupling reaction, and the influence of pyridine group remains when 
polymerizing the second block and the third block. Herein, we find that by introducing additional 
linear initiator when conducting the second poly(tert-butyl acrylate) (PtBA) block polymerization, 
the ratio between total initiate sites to metal moieties can be increased to around 1 to 1, which can 
prevent the coupling reaction from happening and thus acquiring star-like diblock copolymer with 
narrow molecular weight distribution. In addition, various kinds of monomers are used for the 
third block polymerization, corroborating the flexibility of changing the surface chemistry of this 
star-like polymer. Finally, by hydrolyzing second PtBA block into poly(acrylic acid) (PAA) of the 
star-like diblock copolymer, the dual pH-responsive behavior can be observed because of different 
protonation/deprotonation properties of PAA and P4VP under varied pH environments, rendering 
the possibility for drug delivery carriers, sensors and/or tunable templates for nanomaterials.  
Chapter 5 reports the nanoreactor-templated in-situ synthesis of perovskite oxide 
nanoparticles with well-controlled dimensions and dopant types by capitalizing the star-like PAA-
b-PS diblock copolymer as nanoreactor. By the strong coordination interaction between the metal 
moieties of the precursor and the functional group of inner PAA block of the star-like diblock 
copolymer nanoreactor, precursors can occupy the compartment of inner PAA block exclusively, 
yielding monodisperse nanoparticles with tailorable size. Therefore, perovskite oxide 
nanoparticles with controllable dimensions, uniformity, composition, and enhanced dispersity in 
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various kinds of organic solvents can be obtained by this unimolecular nanoreactor synthetic 
strategy. Furthermore, by dispersing as-synthesized nanoparticles onto graphene oxide before 
annealing, the crystallinity of the nanoparticles can be improved, whereas the morphology can be 
maintained. ORR activity is then measured and the correlation between varied nanoparticle size, 
dopant types, doping concentration, and electrocatalytic performance is demonstrated and 
elucidated. In particular, the enhancement of oxygen reduction reaction activity when doping with 
different elements is explained by computational results with DFT calculation.   
Chapter 6 proposes La-based perovskite and layered perovskite oxide nanoparticles can 
similarly be obtained by employing the star-like diblock copolymer as nanoreactors. By using this 
synthetic strategy, not only the size of the as-synthesized nanoparticle can be modified, but the 
synthetic temperature required can be significantly reduced. Intriguing, in addition to simple 
perovskite structure (with a general formula of ABO3), the product with Ruddlesden-Popper 
layered structure (with a general formula of An+1BnO3n+1) can be rendered, suggesting the high 
flexibility of this synthetic strategy for tuning the crystal structure, composition, and dimension of 
the product. The electrocatalytic performance of three La-based nanoparticles (i.e., LaFeO3, 
LaMnO3, and La2CoO4) for both ORR and OER is then demonstrated. Layered La2CoO4 
perovskite nanoparticles, to our surprise, exhibit the best bifunctional catalytic activity among the 
three, as well as being superior to many previously reported perovskite-based catalysts, which may 
result from highly active lattice oxygen and increased amount of hydroxyl groups on the surface.      
Chapter 7 reports the nanoreactor-assisted approach for synthesizing spinel ferrites 
nanoparticles with varied compositions (i.e. CoFe2O4, MnFe2O4, and NiFe2O4) and varied size (i.e., 
4, 7, 11 nm). By using PAA-b-poly(styrene-co-acrylonitrile) (PAA-b-PSAN) as nanoreactor, the 
size of the as-synthesized nanoparticles can be facilely-tuned by changing the molecular weight of 
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the inner PAA block. This robust synthetic approach can thus enable the investigation of the 
correlation of size, composition, and magnetic properties. In particular, the saturation 
magnetization between different compositions can be heavily influenced by the type of transition 
metal and cation distribution, while the decreased saturation magnetization with decreased 
nanoparticle size can be attributed to an increased ratio of the surface-spin-disordered layer as size 
decreases. Such an understanding of the morphology-composition-property relationship can 
potentially provide guidelines for designing materials used in catalysis, magnetic storage, and 
biotechnology. 
 Chapter 8 describes the general discussion and conclusion of the overall research. The 
significance of this dissertation, which can be divided into three parts, are listed. First, the 
capability of synthesizing a large variety of inorganic nanoparticles with controllable size and 
composition, rendering the possibility to investigate the size, composition, dopants, crystal 
structures, and surface chemistry effect on electrocatalytic, including both oxygen reduction 
reaction and oxygen evolution reaction activity. Second, the identification of promising materials 
that can serve as electrocatalysts, which have been rarely studied before. In particular, BaTiO3 
nanoparticles doped with La and Co with small doping concentration are demonstrated to be a 
highly active catalyst for oxygen reduction reaction, while layered perovskite La2CoO4 
nanoparticles are found to outperform electrocatalyst for both oxygen reduction reaction and 
oxygen evolution reaction compared to LaFeO3 and LaMnO3, which can be employed for 
advanced energy-related applications, such as fuel cells and metal-air batteries. Finally, the 
mechanism for the enhanced oxygen reduction reaction activity after doping La and Co with 
BaTiO3 nanoparticles is explained by computational results, which are the reduced free energy 
barrier during oxygen reduction reaction as well as increased conductivity. This result proves that 
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doping, even with small doping concentration, can be effective in changing the electrocatalytic 
activity, and materials with further improved or optimized performance are expected to be 




CHAPTER 3.  EXPERIMENTAL METHODS 
3.1 Synthesis of star-like polymer nanoreactors  
3.1.1 Synthesis of star-like diblock copolymer nanoreactors with 21-arm initiator (ß-
cyclodextrin, ß-CD) 
We have successfully synthesized PAA-b-PS diblock nanoreactors by following the procedure 
shown in Figure 3.1. Below are the descriptions of detailed synthetic steps: 
 
Figure 3.1 Scheme for synthesizing star-like PAA-b-PS diblock copolymer as nanoreactor for subsequent 
synthesis of inorganic nanoparticles (perovskite oxide in this case). 
 
(1) Synthesis of brominated ß-CD (denote 21-Br-ß-CD, as 21-arms initiator): ß-CD was first 
dissolved in anhydrous 1-methyl-2-pyrrolidone (NMP). After cooling the solution to 0 oC, 2-
bromoisobytyryl bromide was added into the solution dropwise. The bromination reaction was 
left under vigorous stirring for 24 h (2 h under 0 oC and 22 h under room temperature). The 
crude solution was washed with NaHCO3 saturated aqueous solution and DI water several 
times sequentially, removing acid generated during the reaction (by NaHCO3) and salt 
generated during washing (by DI water). After washing, the product was then precipitated in 
water and dried in the vacuum oven. 
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(2) Synthesis of star-like poly(tert-butyl acrylate) (PtBA) homopolymer by ATRP using 21-Br-β-
CD as macroinitiator: by employing atom transfer radical polymerization (ATRP), we utilized 
Br-ß-CD as the microinitiator, methyl ethyl ketone (MEK) as the solvent; CuBr as the catalyst; 
PMDETA as ligand and tert-butyl acrylate (tBA) as the monomer for growing first PtBA block. 
All the reactants were mixed in a pressure vessel and degassed by N2 bubbling, followed by 
stirring at 60 oC in the oil bath. Polymerization time determines the desired molecular weight 
of the synthesized polymer. After a specific reaction time, the reaction was terminated by 
immersing the vessel into liquid N2. The reacting solvent was then diluted and passed through 
an aluminum oxide column to remove copper salt. After concentrating the solution by the 
rotary evaporator, the product is precipitated in methanol/water (1:1) mixture and dried in 
vacuum oven.  
(3) Synthesis of star-like PtBA-b-polystyrene (denote PtBA-b-PS) diblock copolymer using star-
like PtBA homopolymer in 3.1.1 (2) as macroinitiator: following the similar procedure as the 
previous step, we were again growing PS as the second-block polymer by ATRP. Compared 
to growing the first block, in this step, we used star-like PtBA as macroinitiator, anisole as the 
solvent and styrene as the monomer. After mixing all the precursors and degassing with N2 
bubbling, we put the vessel into the oil bath and let it react at 90 oC for a specific time. The 
reaction was terminated by immersing in liquid N2. The solution was then again passed through 
an aluminum oxide column and precipitated in methanol. The product can be collected after 
vacuum dried in the oven.  
(4) Hydrolyzing star-like PtBA-b-PS diblock copolymer: star-like PtBA-b-PS was dissolved in 
dichloromethane, then a certain amount of trifluoroacetic acid (TFA) was added. After stirring 
at room temperature for 24 h, the product was first precipitated in methanol and further purified 
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by dissolving in DMF and precipitating in methanol repeatedly for several times, then dried in 
vacuum oven. 
3.1.2 Synthesis of star-like diblock copolymer nanoreactors with 8-arm initiator (4-tert-
butylcalix[8]arene) 
To synthesize 8-arms nanoreactors, we substitute ß-CD with 4-tert-butylcalix[8]arene, 
which possesses eight hydroxyl groups that can be further brominated then serve as polymerization 
sites. The synthetic scheme for plain nanoparticles with 8-arms nanoreactors (as well as 16 arms 
and 42 arms that we are planning to do) is shown in Figure 3.2. The following are the detailed 
synthesis procedures: 
 
Figure 3.2 Crafting of ferroelectric BaTiO3 nanoparticles using amphiphilic star-like PAA-b-PS diblock 
copolymer with different initiators and bromination agents as nanoreactors. 
 
(1) Synthesis of brominated 4-tert-butylcalix[8]arene: before starting the reaction, we needed to 
distill both tetrahydrofuran (THF) and triethylamine (TEA) to make sure they are both dry. 
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First, 4-tert-butylcalix[8]arene was dissolved in anhydrous THF under vigorous stirring. Then 
a specific amount of TEA was added, and the mixture became homogeneous upon continue 
stirring. The solution was then cooled to 0 oC, followed by adding 2-bromopropionyl bromide 
dropwise. The reaction was continued for 48 h under room temperature. The crude solution is 
concentrated and precipitated in cold water. The product was then purified by the dissolution-
precipitation method (dissolved in acetone and precipitated in water) and dried in vacuum oven 
for further polymerization. 
(2) Synthesis of star-like PtBA homopolymer by ATRP using brominated 4-tert-
butylcalix[8]arene as macroinitiator: similar to that in the ß-CD case, we first dissolved 8-arms 
initiators in MEK, then added CuBr, PMDETA, tert-butyl acrylate (tBA) with specific ratio 
into the solution. After all the reactants were added into the pressure vessel, the vessel was 
immediately closed and degassed by N2 bubbling. The vessel was then put into the oil bath and 
reacted under 60 oC for different periods, depending on the final desired molecular weight. The 
reaction was then terminated by immersing in liquid N2. The crude solution was first diluted 
with acetone, passed through an aluminum oxide column then precipitated in methanol/water 
mixture solvent. Fractional precipitation, conducted by dissolving polymers in a great amount 
of good solvent, then gradually adding poor solvent into the solution until the turbid point 
appeared, was needed to remove linear polymers if the percentage of linear polymer is too high. 
After washing by the dissolution-precipitation method and fractional precipitation repeatedly, 
ensuring all the precursors; linear polymers as well as impurities were removed, the product 
was collected after dried in the vacuum oven overnight.  
(3) Synthesis of star-like PtBA-b-PS diblock copolymer using star-like PtBA homopolymer in 
3.1.2 (2) as macroinitiator: star-like PtBA polymer was first dissolved in styrene, CuBr and 
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PMDETA were added into the vessel, sequentially. The vessel was closed and degassed with 
N2 bubbling. After bubbling for sufficient time, the reaction was initiated by vigorously stirring 
at 90 oC for a specific time. Polymerization was again terminated by immersing the vessel in 
liquid N2. The product was collected after completing all the purification steps, including 
passing through an aluminum oxide column, precipitating in methanol/dissolve in THF, and 
drying in the vacuum oven.  
(4) Synthesis of PAA-b-PS star-like diblock copolymers: the product from 3.1.2 (3) was dissolved 
in DCM, followed by adding a certain amount of TFA dropwise under stirring. The reaction 
was kept under 0 oC for the first 2 h then kept at room temperature for another 22 h. After the 
reaction was terminated, the solvent was first evaporated by the rotary evaporator. The product 
was further washed by dissolving in DMF and precipitated in methanol for at least three times 
before it can be used as nanoreactors for nanoparticle synthesis. 
 
3.1.3 Synthesis of star-like triblock copolymer nanoreactors with 21-arm initiator (β-CD) via 
addition of linear initiator 
(1) Synthesis of Br-β-CD: the process to brominate β-CD was the same as described in 3.1.1 (1). 
(2) Synthesis of star-like P4VP by ATRP using 21-Br-β-CD as macroinitiator: all polymerization 
of 4VP was conducted using 21-Br-β-CD as macroinitiator. An ampoule with the reaction 
solution containing 21-Br-β-CD, 2-propanol, distilled 4VP monomer, CuCl, CuCl2, and 
Me6TREN was purged with N2 for 3 h then placed in an oil bath at 40 
oC. The reaction was 
terminated by dipping the ampoule in liquid N2 at various reaction times to control the 
molecular weight of the synthesized star-like P4VP homopolymer. The solution was then 
diluted with DCM and stirred with basic alumina to remove the catalyst. After that, the solution 
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was first concentrated by rotary evaporator, then precipitate in cold hexane. After 
centrifugation, the final product was purified by the dissolution-precipitation process three 
times with DCM and cold hexane; dried at room temperature in vacuum overnight and finally 
stored in the refrigerator before growing the second block. 
(3) Synthesis of star-like P4VP-b-PtBA by ATRP using star-like P4VP homopolymer in 3.1.3 (2) 
as macroinitiator: all polymerization of tBA was conducted in the flask using star-like P4VP 
as the macroinitiator. The reaction solution containing star-like P4VP homopolymer, CuCl, 
CuCl2, Me6TREN, and EBiB in DMF were purged by N2 for 2 h and then placed in the oil bath 
maintained at 60 oC prior to polymerization. Experiments with a varied amount of EBiB, CuCl2, 
and tBA were performed to elucidate the effect of these precursors on molecular weight and 
polydispersity of the final star-like diblock copolymers. After the desired polymerization time, 
the reaction was terminated by dipping the flask into liquid N2. The mixture was stirred with 
basic alumina to remove the copper salt, followed by concentrated via rotary evaporator and 
dissolution-precipitation with methanol: water = 1:1 and acetone for three times. The final 
product (i.e. star-like P4VP-b-PtBA diblock copolymer) was dried under vacuum overnight 
and stored in the refrigerator before the growth of the third block. The kinetic studies of 
growing second PtBA block with and without adding EBiB were carried out as follows: (1) 
The flask containing reaction solution was purged and placed in an oil bath as mentioned 
previously. (2) At a specific time interval (typically every 20-30 minutes), about 0.5 ml of 
solution was withdrawn with the long syringe in the glove box (exchanging gas within syringe 
in the glove box for several times before needling into the flask) to measure the monomer 
conversion. The withdrawn solution dried and dissolved in DMF, followed by injection into 
gel permeation chromatography (GPC) for molecular weight and polydispersity at each time 
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interval. Furthermore, 20 μl of the reaction solution was diluted with d-chloroform for nuclear 
magnetic resonance measurement for calculating the conversion.  
(4) Synthesis of star-like P4VP-b-PtBA-b-PS by ATRP using star-like P4VP-b-PtBA diblock 
copolymer in 3.1.3 (3) as macroinitiator: all polymerizations of styrene were conducted in the 
ampule. The reaction mixtures consist of star-like diblock copolymer initiator, CuCl, and 
PMDETA in DMF were purged by N2 for 2 h then placed in the oil bath that maintained at 70 
oC/80 oC prior to polymerization. The mixture was dipped in liquid N2 to terminate the reaction 
after a specific reaction time. Copper salt was removed by mixing the reaction solution with 
basic alumina or passing an aluminum oxide column. The reaction solution was then 
concentrated and precipitated in cold solvent consist of methanol: water = 1: 1. The final 
product was collected by centrifugation, dried under vacuum, and stored under ambient 
condition.    
(5) Synthesis of star-like P4VP-b-PtBA-b-poly(methyl methacrylate) (PMMA) by ATRP using 
star-like P4VP-b-PtBA diblock copolymer in 3.1.3 (3) as macroinitiator: Similar to the 
synthesis of star-like P4VP-b-PtBA-b-PS, star-like P4VP-b-PtBA-b-PMMA were synthesized 
via ATRP except for substituting styrene monomer with MMA monomer (other synthetic 
parameters are kept the same).  
(6) Synthesis of 21-arm, star-like azide-terminated P4VP-b-PtBA diblock copolymer (star-like 
P4VP-b-PtBA-N3): the star-like P4VP-b-PtBA diblock copolymers obtained in the previous 
step was dissolved in DMF, followed by addition of sodium azide (Br in star-like P4VP-b-
PtBA: sodium azide= 1: 10 in molar ratio). The reaction solution was stirred for 24 h at room 
temperature, under N2 protection. The reaction solution was then precipitated in the solvent of 
methanol: water= 1: 5 for several times. The final product, star-like azide-functionalized 
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P4VP-b-PtBA diblock copolymer (i.e., P4VP-b-PtBA-N3 diblock copolymer) was collected 
and dried at room temperature in the vacuum oven overnight. 
(7) Synthesis of alkyne-terminated poly(ethylene oxide) methyl ether (mPEO) (i.e, mPEO-
propargyl): alkyne-terminated mPEO was obtained by nucleophilic substitution of the 
hydroxyl group on mPEO into the alkyne group. Typically, mPEO-OH was dissolved in 60 ml 
of THF under Ar purging. The DPMK solution was added into the solution until the solution 
turned reddish-brown. Propargyl bromide was added dropwise into the solution during 2 h at 
0 oC, followed by continuing stirring for 24 h at room temperature. The product was 
precipitated in diethyl ether twice and dried under vacuum at 40 oC until constant weight.   
(8) Synthesis of star-like P4VP-b-PtBA-b-PEO by click reaction: star-like P4VP-b-PtBA-N3 and 
alkyne-terminated mPEO were dissolved in DMF in the ampule. CuCl and Me6TREN were 
then added into the solution (molar ratio of mPEO-alkyne: star-like P4VP-b-PtBA-N3: CuCl: 
Me6TREN = 1: 0.1: 20: 20). The reaction solution was degassed by purging with N2 for 2 h 
and placed in the oil bath at 90 oC for more than a day. The reaction was terminated by 
immersing the ampule in liquid N2. Finally, after the removal of copper salt, the product was 
precipitated in cold hexane (with the addition of DCM) and dried in the vacuum oven at 40 oC 
overnight.      
(9) Synthesis of star-like P4VP-b-PAA by thermolysis of tert-butyl ester groups within PtBA 
block in star-like P4VP-b-PtBA diblock copolymer: star-like P4VP-b-PtBA was first dissolved 
in DMF, then the reaction solution was stirred at refluxing temperature for 4 h. After the 
reaction was completed, the resulting star-like P4VP-b-PAA diblock copolymer was 




3.2 Synthesis of inorganic nanoparticles with star-like block copolymer nanoreactors 
3.2.1 Synthesis of pristine and doped-perovskite oxide (BaTiO3 and PbTiO3) nanoparticles via 
star-like diblock copolymer nanoreactor 
(a) Synthesis of perovskite oxide nanoparticles by a bimetallic precursor (with star-like PAA-b-
PS diblock copolymer as nanoreactor): the synthesis of PS-capped perovskite oxide 
nanoparticles was performed in a standard schlenk line. In a typical synthesis of perovskite 
oxide nanoparticles with star-like diblock copolymers nanoreactors, 10 mg of star-like PAA-
b-PS diblock copolymers were dissolved in 9 ml DPE. After purging the solution with Ar in 
three-neck flask at 130 C to remove residual water in the system, a specific amount of 
bimetallic precursor (i.e., barium titanium ethyl hexano-isopropoxide 
(BaTi(O2CC7H15)[OCH(CH3)2]5); 1.3 ml) was added. By using a single precursor containing 
two metals at the same time, the stoichiometry of the resulting BaTiO3 nanoparticles can be 
ensured. The precursor was gradually dissolved while the isopropanol (solvent of precursor) 
was removed at 130 C. After the isopropanol was completely removed, the solution was kept 
at the same temperature under Ar and stirring overnight, providing enough time for the 
precursor to coordinate with the inner PAA block of the star-like diblock nanoreactors. Then 
1 ml of benzyl alcohol was added to enhance the solubility of the inner PAA block. The 
reaction started with the addition of 0.3 ml of 30 wt% hydrogen peroxide at 130 C and lasted 
for 2 days to facilitate hydrolysis of alkoxide precursors. The crude solution was purified by 
ultracentrifugation for several times to separate the product from impurities and residual 
precursors by using toluene as good solvent and methanol as the precipitator, Finally, BaTiO3 
nanoparticles were re-dispersed and stored in toluene for further characterizations. Synthesis 
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of PbTiO3 nanoparticles followed similar experimental procedures except employing lead 
titanium isopropoxide (PbTi(OC3H7)6, 1.3 ml) as the precursor. 
(b) Synthesis of lanthanum (La) and cobalt (Co) doped PS-capped BaTiO3 nanoparticles (with 
star-like PAA-b-PS diblock copolymer as nanoreactor): After dissolving 10 mg of precursor 
in 9 ml DPE, and purging the solution at 130 C to remove residual water, corresponding 
amount of lanthanum (Ⅲ) isopropoxide (LaC9H21O3, 5 mol% to BaTiO3 precursor) and cobalt 
(Ц) acetate tetrahydrate (Co(CH3COO)2‧4H2O, 1, 5, 10 mol% to BaTiO3 precursor) were 
added for the synthesis of La-doped and Co-doped BaTiO3, respectively. After the precursors 
were completely dissolved, the precursor of BaTiO3 with a specific amount was added, and the 
isopropanol was purged and removed at 130 C. 0.3 ml of H2O2 was then added and the 
reaction started and last for 2 days. The final product was collected following a similar 
purification process for obtaining BaTiO3 nanoparticles: by employing toluene as solvent and 
methanol as precipitator, the product can be well-separated from other impurities (product 
formed outside the template) and residual precursors. Finally, the product was re-dispersed and 
store in toluene for further characterizations.  
(c) Synthesis of perovskite oxide nanoparticles by chloride-based precursor and base (with star-
like PAA-b-PEO diblock copolymer as nanoreactor): 10 mg of star-like PAA-b-PEO 
copolymers was first dissolved in ethylene glycol/water mixture solution (v/v = 9:1), followed 
by the addition of a specific amount of precursor (0.244 g BaCl22H2O, 0.24 g NaOH, typically 
molar ratio between precursors to nanoreactor is 10 to 1). By strong coordination between 
carboxyl groups of PAA and metal moieties of the precursor, the precursor was expected to 
selectively incorporate into the space of the inner PAA block. After mixing the precursor with 
nanoreactors for sufficient time by sonicating, we then transferred the solution into a three-
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neck flask, followed by vigorous stirring at elevated temperature (i.e., 60 oC) overnight. Before 
starting the reaction by refluxing the solution under 180 oC for 6 h, 0.11 ml TiCl4 is quickly 
injected into the solution. After the reaction, the solution was then purified by both 
ultracentrifugation-only method (i.e., simply by tuning the centrifugation speed) and 
dissolution-precipitation method (with ethanol and DMF as poor and good solvent). The final 
product was dissolved and kept in DMF. 
 
3.2.2 Synthesis of pristine/layered perovskite oxide (La-based) nanoparticles via star-like 
diblock copolymer nanoreactor 
10 mg of star-like PAA-b-PS diblock copolymers were first dissolved in 9 ml DPE, 
followed by the addition of La precursor (lanthanum acetylacetonate hydrate) and various 
precursors for divalent metal (Cobalt (III) acetylacetonate as the precursor for Co3+, iron (III) 2,4-
pentanedionate as the precursor for Fe3+ and manganese (III) 2, 4-pentanedionate as the precursor 
for Mn3+). The molar ratio between precursor to the functional group within star-like nanoreactors 
was 10 to 1, ensuring the inner block compartment was fully occupied. Furthermore, the molar 
ratio between two precursors might not necessarily be 1 to 1, possibly due to different solubility 
between the precursors and different coordination interactions between precursors and the 
functional group. Therefore, tuning the ratio between the two in order to obtain the product with a 
pure phase was required. The reaction solution was then transferred into three-neck-flask with 
continuous stirring at 60 oC under Ar purging overnight. After the addition of 1 ml benzyl alcohol, 
the temperature was then gradually (2 oC/ min) raised to the refluxing temperature of the solution 
(~250 oC) for 12 h. After the reaction finished, the product was purified by the precipitation-
dissolution process (i.e., precipitate the polymer-capped nanoparticles by methanol then dissolve 
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the precipitant with toluene and repeat this process for several times) to remove residual precursors 
as well as those grown outside of the template. Finally, the as-synthesized nanoparticles were 
dissolved and stored in DMF. To increase the crystallinity of these nanoparticles, annealing was 
required. Before putting into furnace, DMF solution, containing both nanoparticles and graphene 
oxide, was sonicated for more than a day, followed by removing the solvent with the rotary 
evaporator. The dried composite (in powder form) was then going through a two-step anneal, i.e., 
annealing in air at 350 oC for 5 h then annealing in N2 at 600 
oC for 2 h. Mixing the as-synthesized 
nanoparticles with graphene oxide can ensure the size and morphology remain similar to that 
before annealing.  
 
3.2.3 Synthesis of magnetic spinel ferrite nanoparticles via star-like diblock copolymer 
nanoreactor 
MFe2O4 (M = Mn, Co, Ni) nanoparticles were synthesized by capitalizing on star-like 
PAA-b-PSAN diblock copolymers as nanoreactors. The strong coordination between the carboxyl 
groups and metal moieties leads to selective absorption of metal precursors (e.g. Co(acac)2, 
Fe(acac)3) onto the PAA core. Moreover, the organometallic precursors were pushed into the more 
polar PAA domain due to the poor solubility of precursors in DPE as a result of its low polarity. 
After thermolysis, PSAN capped MFe2O4 nanoparticles of different sizes were formed effectively 
with star-like PAA-b-PSAN diblock copolymer nanoreactors of different molecular weights. In a 
typical procedure (taken CoFe2O4 as an example), star-like PAA-b-PSAN (10 mg) was dissolved 
in mixed solvents of DPE (9 ml) and BA (1 ml) under 50 ºC, followed by the addition of Co(acac)2 
(76 mg) and Fe(acac)3 (216 mg) and stirred overnight under Ar atmosphere. As mentioned above, 
the metal precursors tended to dominate the swelled PAA core because of polarity preference. The 
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addition of BA led to the nucleation and growth of more spherical nanoparticles. The reaction was 
heated to refluxing temperature (about 258 ºC) of the solvent for 12 h under stirring with Ar 
protection, yielding a dark black solution. The nanoparticles were precipitated and washed with 





3.3.1 Gel permeation chromatography (GPC) 
The molecular weight as well as the molecular weight distribution of the as-synthesized 
star-like polymers were measured by gel permeation chromatography (GPC), equipped with an 
Agilent1100 with a G1310A pump, a G1362A refractive detector, and a G1314A variable 
wavelength detector. THF was used as the eluent at 1.0 ml/min at 35 °C. One 5 μm LP gel column 
(500 Å, molecular range: 500-2 ×104 g/ mol) and two 5 μm LP gel mixed bed columns (molecular 
range: 200-3 ×106 g/mol) were calibrated with PS standard samples. 
 
3.3.2 Proton NMR (1H NMR) 
Proton nuclear magnetic resonance (1H NMR) results were measured by Varian VXR-300 
spectroscope with the solvent resonances as the internal standard. Deuterated chloroform was used 
as the solvent for NMR measurement. The efficiency of esterification of the initiators as well as 
the molecular weight (per polymeric arm) after polymerization can be obtained by the ratio of the 
integral area between the newly-emerged functional group and the originally-existing functional 
group.    
 
3.3.3 Fourier transform infrared spectroscopy (FTIR) 
For characterizing the star-like PtBA-b-PEO diblock copolymers, successful azidation, as 
well as click reaction, can be corroborated by the emergence and disappearance of the 
characteristic stretching of -N3 at ~2112 cm
-1 from the FTIR studies. 
  
3.3.4 Dynamic light scattering (DLS) 
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The average size and size distribution of both star-like diblock copolymer nanoreactors as 
well as the polymer-capped nanoparticles can be acquired by laser light-scattering spectrometer 
(Wyatt DyanoPro DLS) which measures the hydrodynamic volume of the material.  
 
3.3.5 X-ray diffraction (XRD) 
By analyzing the characteristic peaks from XRD (Alpha 1) results, the crystal structures 
and the crystallinity of the as-synthesized inorganic nanoparticles can be understood. Furthermore, 
the purity of the as-synthesized materials (i.e., any emerging peaks don’t belong to the desired 
product) and the phase (typically in BaTiO3 case, splitting peaks can be observed due to the 
distortion of the crystal) can also be understood.  
  
3.3.6 Raman spectroscopy 
Particularly, Raman (Renishaw, equipped with a 785 nm laser) result is also required for 
identifying the phase of the as-synthesized BaTiO3 nanoparticles, which provides 
microscopically/local distortion of the crystal instead of the long-range distortion in XRD case.   
 
3.3.7 X-ray photoelectron spectroscopy (XPS) 
The identification of chemical states for the elements in the pure and doped perovskite 
oxide nanoparticles as well as element within as-synthesized magnetic spinel ferrite nanoparticles 
was obtained by X-ray photoelectron spectroscopy (XPS, Thermo K-alpha XPS). 
 
3.3.8 Transmission electron microscopy (TEM) 
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The morphology of all the nanoparticles synthesized in this study, including perovskite 
oxide, layered-perovskite oxide, and spinel ferrite nanoparticles as well as the composition of 
nanoparticles dispersed on reduced graphene oxide after annealing were characterized by TEM 
(JEOL 100, operated at 100 kV). HRTEM was employed especially for the morphology and 
composition for pristine and doped-perovskite oxide nanoparticles.   
 
3.3.9 Piezoresponse force microscopy (PFM) 
PFM (atomic force microscopy in PFM mode with conductive tip) was used for measuring 
the ferroelectric behavior that might exist in the as-synthesized BaTiO3 and PbTiO3 nanoparticles. 
By employing different nanoreactors for making those nanoparticles (i.e., 21-arms and 8-arms star-
like nanoreactors), we’re planning to investigate the interaction between organic polymeric chain 
with inorganic nanoparticles and how this interaction influences the domain distribution and 
ferroelectric properties. Typical butterfly loop (amplitude) and hysteresis loop (phase) were 
observed with the thin film sample we made by spin coating (on both silicon and FTO substrates). 
Further clarification on whether this signal indeed came from the sample itself or other 
contributions need to be conducted.  
     
3.3.10  Electrochemical characterization  
(1) Cyclic voltammetry (CV) and rotating disk electrode (RDE) measurement: the working 
electrode was prepared by loading catalyst sample film of 0.136 mg on 5.0 mm-diameter glassy 
carbon electrode. First, the ink was prepared by dispersing 1 mg of catalyst and 10 μl of 5 wt 
% Nafion solution in 0.1 ml of 1:1 v/v water/ethanol mixed solvent by 30 min sonication to 
form a homogeneous dispersion. Next, 15 μl of the catalyst ink (containing 1 mg of catalyst) 
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was loaded onto a glassy carbon electrode of 5 mm in diameter by dropping 5 μl at a time and 
repeating for three times (loading ~ 0.136 mg). The ink was dried slowly in air, and a uniform 
catalyst film deposited on the electrode surface was obtained. CV and RDE were conducted in 
a three-electrode electrochemical cell at room temperature using a saturated Ag/AgCl electrode 
as the reference electrode, and a graphite rod as the counter electrode. The electrolyte for the 
measurement is 0.1 M KOH, which was saturated with oxygen by bubbling O2 prior to the start 
of each experiment. A flow of O2 was maintained over the electrolyte during the recording of 
CVs to ensure the saturated O2 environment. The working electrode was cycled at least 5 times 
before data were recorded at a scan rate of 10 mV/s. In control experiments, CV and RDE 
measurements were performed in N2 saturated environment by switching to N2 flow through 
the electrochemical cell.   
(2) Oxygen electrode activities on glassy carbon electrode: for measurements of oxygen reduction 
reaction (ORR) activity at room temperature in 0.1 M KOH, working electrode was prepared 
by the same method above. It was cycled at least 10 times between 100 mV and -1 V vs. Ag/ 
AgCl before data were recorded. Steady-state polarization plots were recorded in a potential 
of the same range at a scan rate of 5 mV/s. A continuous O2 flow was supplied to the 
measurement setup. The disk rotation rates for the ORR ranged from 400 to 2500 rpm. For 
measurements of oxygen evolution reaction (OER) activity at room temperature in 0.1 M KOH 
and 1 M KOH, the experimental conditions were the same with the ORR measurement except 
the scanning range was between 100 mV and 1 V vs. Ag/ AgCl. The ORR stability in O2-
saturated 0.1 M KOH was performed by chronoamperometry (i-t) at the 0.7 V (around the half-
wave potential obtained from the LSV curve at 1600 rpm). In this work, all the potentials vs. 
Ag/AgCl were converted to the reversible hydrogen electrode (RHE) by the equation: 
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𝐸(𝑅𝐻𝐸) = 𝐸(𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.059 × 𝑝𝐻 + 𝐸0(𝐴𝑔/𝐴𝑔𝐶𝑙) 𝑉. Specifically, with 0.1 M KOH 
as the electrolyte, the reaction can be converted into 𝐸(𝑅𝐻𝐸) = 𝐸(𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.9646 𝑉. 
Koutechy-Levich plots (J-1 vs. ω-1) were analyzed at various electrode potentials. The slopes 
of their best linear fit lines were used to calculate the number of electrons transferred (n) based 























𝐽𝐾 = 𝑛𝐹𝑘𝐶0 
, where J is the measured current density, whereas JK and JL are the kinetic- and diffusion-
limiting current density, ω is the angular velocity, n is the transferred electron number, F is the 
Faraday constant, Co is the bulk concentration of O2, ν is the kinematic viscosity of the 
electrolyte and k is the electron-transfer rate constant. The OER stability tests were carried out 
by recording the corresponding LSVs before and after 1500 cycles of CV measurements 
ranging from 100 mV to 0.9 V vs. Ag/AgCl at the scanning rate of 200 mV/s-1. The polarization 
curves were replotted as applied potential (V) vs. log current (log j) to get Tafel plots for 
quantification of the OER activities of all the La-based perovskite NPs  
(3) Computational methods: to understand the effects of doping by Co or La atoms, we performed 
first-principles calculations based on density functional theory (DFT) as implemented in the 
Vienna Ab initio Simulation Package (VASP). In the simulations, we adopted an energy cutoff 
of 600 eV for plane waves, and the Perdew–Burke–Ernzerhof (PBE) exchange correlation 
energy functional together with the PAW pseudopotentials. The energy tolerance for self-
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consistency was set to 10-6 eV. The force tolerance for atomic relaxation was set to 0.001 eV/Å. 
The reciprocal space of BTO bulk (slab) was sampled by an 8×8×8 (3×3×1) Monkhorst-Pack 
k-grid during atomic relaxation. For calculating the projected density of states (PDOS) of the 
BTO slab, we used a denser k-grid of 5×5×1. 
The overall oxygen reduction is:  
 O2  +  2H2O +  4𝑒
−  → 4OH− (1) 
   
       Previous studies suggested the following four-step reaction pathway:  
 OH∗  +  O2  +  𝑒
−  →   OO∗  +  OH− (2) 
 OO∗  +  H2O + 𝑒
−  →  OOH∗  + OH− (3) 
 OOH∗  +  𝑒−  →  O∗  +  OH− (4) 
 O∗  +  H2O +  𝑒
−  →  OH∗  +  OH− (5) 
   
The superscript of * indicates that each intermediate is a substrate-adsorbate hybrid system, 
not merely the adsorbate. The free energy change for each step: 
                                                 ∆𝐺 =  ∆𝐸 +  ∆ZPE −  𝑇∆𝑆 +  𝑒Φ,                                    (6) 
, where E is the static DFT energy, ZPE is the zero-point energy, T is temperature, S is entropy, 
e is the unit charge, and Φ is the potential difference between the cathode and the anode. For 
small molecules, we obtain the entropy and the vibrational frequencies from the NIST database. 
For the substrate-adsorbate hybrid systems, we obtain the ZPE and the phonon entropy from 
the vibrational frequencies as calculated by DFT. Following a previous study, we   approximate 
the free energy difference G(OH- )-G(e- ) at 300 K and 1 atmosphere by 
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                                         𝐺(H2O𝑔, 300 K, 0.0349 atm) −  0.5 × 𝐺(H2, 300 𝐾, 1 𝑎𝑡𝑚)            (7)  
Here, the subscript g indicates that the water is in the gas phase. We have also included 
solvation correction energies of −0.32, −0.47, −0.75, and −0.54 eV for OO*, O*, HO*, and 
HOO* intermediates, respectively. With these approximations, all terms in equation (6) can be 
found while the potential difference Φ remains adjustable. The equilibrium potential Φeq is 
defined such that the net free energy change vanishes, i.e. ∑ ∆𝐺𝑖
4
𝑖=1 = 0. It follows that -2eΦeq 
equals the formation free energy of water from H2 and 1/2O2, which is about -2.46 eV 
experimentally. 
In addition, we calculate the adsorption energy via the equation: 





CHAPTER 4. SNTHESIS OF AMPHIPHILIC AND DOUBLE HYDROPHILIC 
STAR-LIKE BLOCK COPOLYMERS AND THE DUAL PH-RESPONSIVENESS 
OF UNIMOLECULAR MICELLE 
Yeu-Wei Harn et al. Macromolecule (under review) 
 
4.1 Introduction 
The past several decades has witnessed significant advances in synthesis of polymers with 
tailorable compositions, structures and functionalities.1 Among them, a rich diversity of polymers 
with nonlinear molecular architectures (e.g., cyclic,2 dendritic, brush,3 star-like,4-5 and 
hyperbranched6) have been extensively studied due to their unique physicochemical,7 mechanical,8 
photonic,9-10 and electrical11 properties for potential applications in molecular recognition,12 
catalysis,13 drug delivery,14 etc. Star-like polymer represents one of the simplest nonlinear 
polymers, containing multiple linear arms covalently linked to a core. In general, the method for 
synthesizing star polymers can be categorized into two strategies, namely the “core-first”3, 5, 15 and 
“arm-first”16 methods. The former strategy uses pre-synthesized multifunctional initiator as a core, 
from which subsequent polymerization of monomers produces the multi-arms. On the other hand, 
the latter involves the preparation of linear arms first, followed by grafting them onto the 
multifunctional coupling agent, yielding star-like polymers. Clearly, the “core-first” approach 
provides an better control over the architecture of star-like polymer as the number of arms can be 
easily tailored by the number of initiate sites of initiators, whereas the “arm-first” route often 
results in a broad distribution of the number of arms per star-like polymer. Controlled radical 
polymerizations (CRP), including atom transfer radical polymerization (ATRP) and reversible 
addition fragmentation chain transfer (RAFT) polymerization, have been proven to be robust 
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techniques for synthesizing well-defined star-like polymers due to their site-specific initiation as 
well as efficient reversible deactivation. In addition to various initiators as the core, a variety of 
monomers17 can be utilized for growing polymeric arms with CRP.  
It is widely recognized that synthesizing pyridine-containing polymer with controlled 
molecular weight (MW) distribution via ATRP remains challenging, especially with increased 
initiating sites per core, for the following reasons. First, the pyridine group can strongly coordinate 
with the metal catalysts in the systems, leading to possible formation of pyridine-coordinated metal 
complexes, which are verified to be non-effective catalysts for ATRP reaction, thereby greatly 
reducing the polymerization rate or even rendering uncontrollable polymerization. Second, owing 
to the ability of halogen atom (especially Br) as the leaving group to nucleophilically attack the 
pyridal moiety of pyridine-containing polymer, a significant amount of termination and coupling 
reactions (i.e., between two star-like polymers as well as polymer arms within a star-like polymer), 
and thus a sharp increase in polydispersity occurs. Furthermore, this phenomenon would become 
more severe when the number of initiating sites per core increases because of higher tendency of 
arm-arm coupling within one star-like polymer due to the closer proximity between initiating 
sites.18-19 
On the other hand, stimuli-responsive polymers represent an intriguing class of materials as 
their physical and chemical properties can be conveniently tuned upon exposure to external stimuli 
(e.g., temperature, pH, and electric fields).9, 20 Among them, poly(4-vinylpyridine) (P4VP) has 
been extensively studied owing to its good pH-sensitivity, biocompatibility and hydrophilicity.21-
22 Notably, P4VP has often been exploited as drug carrier due to its enhanced solubility (i.e., fully 
stretched P4VP chain) under lower pH value, resulting in the release of drug locally (e.g., in the 
acid environment of tumors).   
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Herein, we report a route to synthesize a set of star-like homopolymer, diblock and triblock 
copolymer, containing P4VP as the first block, with low polydispersity by addition of linear 
initiator (EBiB), followed by investigating the dual pH-responsive behavior of star-like poly(4-
vinyl pyridine)-block-poly(acrylic acid) (P4VP-b-PAA) diblock copolymer. The star-like triblock 
copolymers comprise poly(4-vinyl pyridine) (P4VP) as the first block, poly(tert-butyl acrylate) 
(PtBA) as the second block, and either polystyrene (PS), poly(methyl methacrylate) (PMMA) or 
poly(ethylene oxide) (PEO) as the third block (denoted P4VP-b-PtBA-b-PS, P4VP-b-PtBA-b-
PMMA, and P4VP-b-PtBA-b-PEO, respectively). Specifically, the initiator for ATRP with 21 
initiating sites is first formed via bromination of β-cyclodextrin. After successful synthesis of the 
first P4VP block with tailorable MW and narrow polydispersity, star-like P4VP-block-poly(tert-
butyl acrylate) (P4VP-b-PtBA) diblock copolymers with controlled MW distribution can be 
prepared by deliberate addition of an optimal amount of linear initiator of ethyl α-
bromoisobutyrate (EBiB) to prevent the coupling reaction between two star-like polymers as well 
as polymer arms within a star-like polymer . When the molar ratio between initiate site (including 
sites from both star-like P4VP homopolymer terminated with X (X = Cl and Br) and linear initiator 
of EBiB) to metal catalysts of CuCl is increased to 1 to 1, suppressed tendency of the coupling 
between the arms of star-like diblock copolymer as well as between adjacent star-like diblock 
copolymers and thus narrow polydispersity are achieved. The polymerization kinetics of the 
second PtBA block with and without the addition of linear initiator of EBiB is scrutinized. The 
linear relationship of ln([M]0/[M]) ([M]0 and [M] are the monomer concentrations at t0 and t, 
respectively) vs. time can only be attained when linear initiator of EBiB is present, indicating the 
number of propagating species remains constant during the polymerization. As a result, this 
synthetic approach can facilitate the preparation of multi-arm polymer with controlled MW 
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distribution, generally below 1.2. Moreover, as-synthesized star-like P4VP-b-PtBA diblock 
copolymer terminated with X (X = Cl and Br) could continue serving as macroinitiator for the 
third polymerization, yielding star-like triblock copolymers. Successful synthesis of star-like 
P4VP-b-PtBA-b-PS and P4VP-b-PtBA-b-PMMA triblock copolymers by ATRP as well as P4VP-
b-PtBA-b-PEO by click reaction demonstrates the versatility of this synthetic strategy. 
Furthermore, the dual pH change-induced responsive behavior of star-like P4VP-b-PAA diblock 
copolymer obtained via thermolysis of PtBA of star-like P4VP-b-PtBA into PAA is examined via 
dynamic light scattering and UV-vis studies under various pH environment, and the possible 
morphological change is proposed. Taken together, the results suggest the promising potential of 





4.2 Experiment Details 
The detailed synthesis of star-like P4VP homopolymer, star-like P4VP-b-PtBA diblock 
copolymers and star-like P4VP-b-PtBA-b-PS, P4VP-b-PtBA-b-PMMA and P4VP-b-PtBA-b-PEO 
triblock copolymers have been rendered in Chapter 3, 3.1. Below we just specified the procedure 
for measuring the dual-pH responsive behavior of star-like P4VP-b-PAA diblock copolymers and 
the characterization used in this study: 
4.2.1 Stimuli-responsive of star-like P4VP-b-PAA diblock copolymers  
(1) Turbidity measurement. The aggregation behavior of star-like P4VP-b-PAA in the aqueous 
solution under different pH value was measured by UV-vis spectrophotometer. Briefly, the 
aqueous solution containing P4VP-b-PAA diblock copolymers (1 mg/ml) was dissolved and 
placed inside the disposable cuvette. The transmittance of the polymer solutions was monitored 
between 200 nm to 700 nm with various pH value. The transmittance value at 450 nm was picked 
and the plot of transmittance to pH value was provided. 
(2) Size distribution by DLS. Star-like P4VP-b-PAA samples were dissolve in neutral aqueous 
solution (pH~7, 1 mg/ ml) and stir for more than a day to make sure the star-like diblock copolymer 
become stable within the solution. Before starting DLS measurement, specific amount of HCl 
solution (pH = 1) or NaOH solution (pH = 13) were added into the solution to reach desired final 
pH value. Samples were then stirred for 10 min and placed into cuvette for measurement. Each 
measurement was repeated for three times, and the average result was used as the final 
hydrodynamic diameter (Dh). 
 
4.2.2 Characterization  
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The molecular weight and PDI of polymers were measured by gel permeation chromatography 
(GPC), equipped with an Agilent1100 with a G1310A pump, a G1362A refractive detector and a 
G1314A variable wavelength detector. DMF was used as the eluent at 1.0 ml/ min at 35 oC. Two 
columns were calibrated with PS standard samples. Proton nuclear magnetic resonance (1H NMR) 
with Varian VXR-300 spectroscope with the solvent resonances as the internal standard, was 
capitalized for measuring the conversion during the polymer synthesis as well as MW per 
polymeric arm. Deuterated chloroform was used as the solvent for NMR measurement. Size 
distribution of unimolecular star-like micelles with homo-, diblock, triblock copolymers and 
diblock P4VP-b-PAA diblock copolymers under varied pH value were characterized by dynamic 
light scattering (DLS, Wyatt DyanoPro NanoStar Dynamic Light Scattering). The aggregation 
behavior of the polymer in the aqueous solutions was measured by a UV-Vis spectrophotometer 
(UV-2600, Shimadzu). The morphologies of the star-like homopolymer, diblock copolymer and 
triblock copolymer were characterized by atomic force microscopy (Bruker Dimension Icon). 
Successful azidation of star-like P4VP-b-PtBA diblock copolymer was confirmed by Fourier-




4.3 Results and Discussion 
Synthesis of initiator with 21 initiate sites for subsequent ATRP reaction. A facile 
synthesis approach based on previous literature5, 23 to modify the end hydroxyl groups of β-
cyclodextrin (β-CD) by capitalizing on 2-bromoisobutyl bromide was conducted. After mixing β-
CD with esterification agent (i.e., α-bromoisobutyryl bromide) for one day under room temperature, 
the outer hydroxyl groups can be substituted by the bromoisobutyryl units, yielding 21-Br-β-CD 
(left panel in Figure 4.1 (a)). 1-methyl-2-pyrrolidione (NMP) was identified as the suitable solvent 
for esterification due to its compatibility with the esterification agent and a small amount of HBr 
byproduct. The successful esterification of β-CD was corroborated by 1H NMR (Figure 4.2), 
where the methyl protons of 21-Br-β-CD (assigned to δ = 1.8-2.2) were seen. The conversion 





where ET is the conversion efficiency of hydroxyl groups, Aa (δ = 5.2-5.3) and Ab are the integral 
areas of the part of the residual protons on β-CD and the methyl protons, respectively. Based on 
the calculation, as-synthesized 21-Br-β-CD showed a conversion as high as 95%, indicating the 
successful substitution of hydroxyl groups into bromoisobutyryl units, yielding the initiator for the 




Figure 4.1 (a) Schematic illustration of synthetic route to star-like P4VP-b-PtBA diblock copolymer (1) 
without and (2) with the addition of linear initiator EBiB, where BMP is 2-bromo-2-methylpropionate. (b) 
Schematic representation of synthetic strategies for (1) star-like P4VP-b-PAA diblock copolymer via 
hydrolysis of inner PtBA block, (2-3) star-like P4VP-b-PtBA-b-PS and P4VP-b-PtBA-b-PMMA triblock 
copolymers by using star-like P4VP-b-PtBA diblock copolymer as macroinitiator for ATRP of styrene and 
methyl methacrylate, respectively, and (4) P4VP-b-PtBA-b-PEO via click reaction of star-like P4VP-b-





Figure 4.2 1H NMR spectrum of the macroinitiator, 21-Br-β-CD. 
 
Synthesis of star-like P4VP homopolymer via the first ATRP. By using the 21-Br-β-
CD as the initiator and CuCl/Me6TREN as the cocatalyst (see Experimental Section in Supporting 
Information), ATRP of 4-vinyl pyridine (4VP) was successfully conducted in 2-propanol at 40 oC. 
As reported in the literature, polymerization of 4VP via ATRP can be difficult due mainly to (1) 
the coordination between metal catalysts (i.e., CuCl) and pyridal groups of 4VP/P4VP in the 
system and (2) the coupling between halide group at polymer chain end of each star-like polymer 
and pyridal group of 4VP and P4VP,24 both resulting in the occurrence of termination and/or 
coupling reaction, and thus broadened the MW distribution. In order to obtain star-like P4VP with 
tailorable MW and controlled polydispersity, several experimental parameters were tailored. First, 
instead of CuBr/PMDETA, CuCl/Me6TREN as cocatalysts was used. It is notable that CuCl was 
chosen as metal catalyst because of the weak ability of chlorine atom as the leaving group, thereby 
resulting in less susceptibility to nucleophilically attack pyridal groups of P4VP and thus reduced 
side reaction in the system. In sharp contrast, a significant termination reaction can be observed, 
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represented by the appearance of the shoulder peak or broad polydispersity from GPC result, when 
CuBr was used as metal catalyst for polymerizing 4VP via ATRP. Furthermore, due to the lower 
activation/deactivation equilibrium constant of alkyl chloride, Me6TREN was selected as ligand 
to increase polymerization speed. Moreover, the strong coordination between CuCl and Me6TREN 
ligand can facilitate the removal of the catalyst by passing the polymer solution through an alumina 
column or directly stirring alumina in the product solution, as verified by color change from green 
to colorless or pale-yellow after the abovementioned treatments. In addition to changing 
cocatalysts (i.e., CuCl and Me6TREN), reducing reaction temperature and reaction time were 
found to be helpful for suppressing the occurrence of the coupling reaction.  
Three star-like P4VP homopolymers with different MW and narrow MW distribution 
(typically lower than 1.1) were synthesized. Monomodal peaks can be observed from the GPC 
results (Figure 4.3 and Figure 4.4), and the MW can be easily tuned by changing the 
polymerization time. The molecular weights of all the as-synthesized star-like polymers were 
summarized in Table 4.1. Notably, low polydispersity index (PDI) and no obvious shoulder peak 
appeared in the high MW range indicated that there were no intermacromolecular coupling 
reactions. Very little linear P4VP homopolymer appeared suggested the suitable condition chosen 
for ATRP of 4VP with star-like Br-β-CD as initiator. Representative 1H NMR spectrum of star-
like P4VP homopolymer obtained after reacting for 6 h is shown in Figure 4.5 (a). The 
characteristic chemical shifts of 1H NMR at δ = 6.6 (marked as b in Figure 4.5 (a)) and δ = 8.3 
(marked as c in Figure 4.5 (a)) corresponded to the protons of pyridal group, indicating successful 




Figure 4.3 (a) GPC traces of (1) star-like P4VP homopolymer, (2) P4VP-b-PtBA diblock copolymer and 
(3) P4VP-b-PtBA-b-PS triblock copolymer. (b) GPC traces of (1) star-like P4VP homopolymer, (2) P4VP-




Table 4.1 Summary of the molecular weight of star-like P4VP-b-PtBA-b-PS (Sample 1 to Sample 3), 
P4VP-b-PtBA-b-PMMA (Sample 4) and P4VP-b-PtBA-b-PEO (Samples 5-6) triblock copolymers. All 
the molecular weights were determined by gel permeation chromatography (GPC) calibrated with 
polystyrene standards with known molecular weights. 
Sample # MW of P4VP 
block 




Sample 1 90K 160K 614K (PS) 
Sample 2 90K 260K 415K (PS) 
Sample 3 90K 476K 685K (PS) 
Sample 4 90K 414K 500K (PMMA) 
Sample 5 80K 145K 197K (PEO) 






Figure 4.4 GPC traces of star-like P4VP homopolymer with three different molecular weights. 
 
 
Figure 4.5 1H NMR spectra for (a) star-like P4VP homopolymer, (b) star-like P4VP-b-PtBA diblock 
copolymer, (c) star-like P4VP-b-PtBA-b-PS triblock copolymer and (d) star-like P4VP-b-PtBA-b-PMMA 
triblock copolymer. All the samples are measured in CDCl3.  
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Synthesis of star-like P4VP-b-PtBA diblock copolymers with low polydispersity via 
the second ATRP. A series of star-like P4VP-b-PtBA diblock copolymers with different MWs 
and controlled PDI were subsequently synthesized via ATRP using the as-synthesized star-like 
P4VP homopolymer as macroinitiator (central panel in Figure 4.1 (a)). The effect of addition of 
linear initiator EBiB on MW distribution was scrutinized. This was motivated by the observation 
of broad peak and/or shoulder in GPC traces during the synthesis of the second star-like PtBA 
block. Notably, we tried to reduce the influence of partially oxidized metal catalyst (i.e., CuCl; it 
has been difficult to estimate the extent of oxidation as it varied as time went by, even stored the 
metal catalysts inside the glove box) by keeping the metal catalyst amount no less than 10 mg at 
each ATRP. A small amount of attainable star-like P4VP block and constant amount of metal 
catalyst (typically ~10 mg) resulted in low ratio of initiator to metal catalyst. We thus speculate 
the irregular peak shape of GPC trace may be due to the synergic effect of the use of highly-active 
ligand,25 small molar ratio (i.e., 0.02) of the initiation sites from star-like P4VP homopolymer to 
metal catalyst, and the architecture of star-like polymer (i.e., closer distance between radical within 
one star-like polymer), thereby generating radical (i.e., active species during ATRP) with higher 
concentration and increasing the occurrence of termination and/or coupling reaction, which is often 
seen in surface-initiated living radical polymerization.26-27 Based on the solutions reported 
previously with surface-initiated polymerization, we deliberately added predetermined amount of 
linear initiator EBiB with 1:1 molar ratio of EBiB to metal catalyst to the reaction mixture. 
Consequently, the addition of linear initiator rendered an appropriate ratio of initiator sites (i.e., 
halide groups from both star-like P4VP-b-PtBA diblock copolymer and linear EBiB initiators) to 
metal catalyst CuCl. Thus, the concentration of Cu2+ was increased, ensuring a fast deactivation 
process and suppressing further termination reactions from radical coupling (see equation below) 
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in the system and leading to a better control over the chain growth of the star-like diblock 
copolymer.  
P − X +  CuІCl/ Me6TREN ↔  P
∗  + CuЦCl2/ Me6TREN                       
As a result, by employing the strategy described above, star-like P4VP-b-PtBA diblock 
copolymer with monomodal GPC traces was obtained (Figure 4.6), and the MW of the resulting 
star-like P4VP-b-PtBA can be readily controlled by tuning the reaction time. Figure 4.5 (b) shows 
the 1H NMR spectrum of as-obtained star-like P4VP-b-PtBA diblock copolymer. The appearance 
of the strong characteristic peak at δ = 1.45 (marked as a in Figure 4.5 (b)), corresponding to the 
methyl protons in tert-butyl group (-C(CH3)3, confirmed the success in growing PtBA onto star-
like P4VP block.  
 
          
Figure 4.6 GPC traces of star-like P4VP-b-PtBA diblock copolymer with three different molecular weights.  
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The polymerization kinetics with and without addition of linear initiator EBiB was then 
studied (Tables 4.2 and Table 4.3). Figure 4.7 (a) displays a linear relationship of semilogarithmic 
kinetic plot when linear initiator was added, suggesting the radical concentration was constant 
during the polymerization. Conversely, a nonlinearity was seen in the absence of linear initiator, 
signifying possible occurrence of termination and/or coupling reactions due to the competing side 
reactions, that is, termination reactions from radical (i.e., active species within ATRP) coupling 
and/or coupling between halide groups of star-like polymer chain end and pyridal group within the 
first star-like P4VP block. Clearly, the addition of linear initiator was thus proven to be effective 
in reducing the side reaction by decreasing the concentration of active species in the ATRP system. 
A linear increase of number average molecular weight (Mn) of the second PtBA block vs. tBA 
monomer conversion was identified when growing the second PtBA block with the presence of 
EBiB (Figure 4.7 (b)). Both linear kinetic plot of ln([M]0/[M]) vs. time and linear relationship 
between Mn and monomer conversion corroborated that the successful polymerization of the 
second PtBA block, using the first star-like P4VP block as macroinitiator with addition of linear 
initiator, is controlled/living radical polymerization with a negligible amount of transfer and 
termination reaction. Furthermore, the PDI can be significantly suppressed with the presence of 
linear initiator (as shown in Figure 4.8). The PDI remained lower than 1.15 after polymerization 
for 210 min with the addition of EBiB, while it increased to 1.35 with a similar reaction time in 
the absence of EBiB. With no EBiB in the system, the shoulder peak started to appear due to the 
intra- and intermolecular coupling reaction even with only 10 min polymerization time, and the 
PDI continued increasing with the prolonged reaction time. Figure 4.8 (c) compares the PDI when 
growing the second PtBA block from star-like P4VP homopolymer in the presence and absence 




Figure 4.7 (a) Kinetic plot for the copper-mediated ATRP of second PtBA block with and without 
addition of linear initiator EBiB, employing star-like P4VP homopolymer as macroinitiator and 
DMF as reaction solvent. [M0] and [M] are the concentration of tBA monomer at time 0 an t, 
respectively.  (b) Dependence of number-average molecular weight (Mn) of the second PtBA block 




Table 4.2 Results of the polymerization of the second PtBA block with the addition of linear initiator EBiB 
by using star-like P4VP homopolymer as macroinitiator with various reaction timesa. 




Mn, GPC-all (K)d PDIf 
1 520/1.02/1/1 0 0 79.8 1.12 
2 520/1.02/1/1 15 2.03 85 1.1 
3 520/1.02/1/1 30 5.53 92 1.09 
4 520/1.02/1/1 45 7.84 95.9 1.1 
5 520/1.02/1/1 70 9.7 100 1.1 
6 520/1.02/1/1 90 14.83 115 1.12 
7 520/1.02/1/1 140 19.3 139 1.12 
8 520/1.02/1/1 160 21.69 142 1.13 
9 520/1.02/1/1 180 23.08 152 1.13 
10 520/1.02/1/1 210 24.62 154 1.14 
a DMF was used as the solvent for the polymerization. The reactions were carried out at 60 oC.  
b [M]0, [I]0, [Cu]0 and [L]0 represent initial concentration of monomer, total initiation sites (from both star-
like P4VP homopolymer and linear initiator), Cu(І)Br, and ligand (Me6Tren), respectively. 
c Calculated from the ratio of integrated area of solvent to residual monomer. 




Table 4.3 Results of the polymerization of second PtBA block without the addition of linear initiator by 
using star-like P4VP homopolymer as macroinitiator with various reaction timea. 
Run [M]0/[I]0/[Cu]0/[L]0b Time 
(min) 
conversion (%) Mn, GPC-all 
(K)c 
PDId 
1 520/0.02/1/1 0 0 79.8 1.12 
2 520/0.02/1/1 10 8.7 166 1.29 
3 520/0.02/1/1 25 10.66 198 1.29 
4 520/0.02/1/1 30 14.588 252 1.29 
5 520/0.02/1/1 60 14.8 258 1.31 
6 520/0.02/1/1 105 15.3 267 1.34 
7 520/0.02/1/1 225 18.36 287 1.35 
a Polymerization condition is the same except no linear initiator was added. 
b Keep all the experimental condition same except without the addition of linear initiator, thus the initial 
concentration of initiation sites only came from star-like P4VP homopolymer. 






Figure 4.8 GPC chromatograms of star-like P4VP-b-PtBA diblock copolymer prepared using ATRP (a) 
with and (b) without the addition of linear initiator, and (c) dependence of polydispersity (Mw/Mn) on 




On the basis of the results described above, by employing the additional linear initiator, its 
effect in suppressing the occurrence of coupling and/or termination reaction, resulting from 
increasing concentration of Cu2+ and in turn faster deactivation process can thus be substantiated. 
Furthermore, this approach by judiciously introducing linear initiator is particularly beneficial 
when synthesizing star-like, pyridine-containing polymers due to closer proximity between 
radicals within each star-like polymer and using more active ligand (i.e., Me6TREN). The addition 
of linear initiator can thus lead to markedly improved controllability of the growth of polymer 
chains (i.e., narrow polydispersity).  
Moreover, the appropriate amount of linear initiator (EBiB) added was also investigated. 
Figure 4.9 compares the GPC traces of the growth of the second PtBA block with various amounts 
of linear initiator added yet with the same reaction time. The optimal amount was found when the 
ratio of linear initiator to metal catalyst (CuCl) is 1 to 1 (central panel; Figure 4.9). At low amount 
of linear initiator (i.e., molar ratio of EBiB/CuCl is 0.5 to 1), the peak still broadened with increased 
PDI (upper panel; Figure 4.9). The peak broadening became even more obvious with a prolong 
polymerization time (Figure 4.10). On the other hand, with an excess amount of EBiB added (i.e., 
molar ratio of EBiB/CuCl is 1 to 1.5), the polymerization speed decreased (lower panel; Figure 






Figure 4.9 GPC traces of star-like P4VP-b-PtBA diblock copolymer with different amount of additional 
linear initiator during polymerization. Numbers marked as molar ratio between linear initiator (EBiB) to 
metal catalyst (CuCl). 
 
 
Figure 4.10 GPC traces of star-like P4VP-b-PtBA diblock copolymer with insufficient linear initiator under 




We note that another possibility to reduce the polymerization speed for better control over 
PDI is to introduce additional CuCl2, as reported in literature. To this end, CuCl2 with varied 
amounts (i.e., the molar ratios of CuCl2 to CuCl are 0, 0.27 and 0.54) was added to elucidate the 
effect of CuCl2 on polymerization. From the GPC traces shown in Figure 4.11, broad peak can be 
observed in all cases regardless of the amount of CuCl2 added. This may be because even with the 
presence of CuCl2 (especially within the range tried), the ratio between metal catalyst to initiating 
sites of star-like P4VP homopolymer may still remain high, suggesting the approach to decrease 
coupling and/or termination reactions via adding CuCl2 was not effective in this system.  
 
Figure 4.11 GPC traces of star-like P4VP-b-PtBA diblock copolymer with different amount of CuCl2 
during polymerization. Numbers marked as molar ratio between CuCl to CuCl2. 
 
Initially, the polymerization of the second PtBA block was carried out with an [M]0/[I]0 
ratio of 520 as shown in Table 4.2, where [M]0 and [I]0 are the initial concentrations of monomer 
and overall initiation sites from both star-like P4VP and linear initiators. Star-like P4VP-b-PtBA 
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diblock copolymer with narrow MW distribution can be synthesized with monomer conversion up 
to 25% after 3-4 h. When conversion was larger than 25-30%, the polymerization speed gradually 
decreased with prolong reaction time (Figure 4.12). To further increase the MW of the second 
PtBA block, we raised the molar ratio of [M]0/[I]0 from 520 to 780. The MW of PtBA block was 
enlarged when tBA monomer amount was increased while keeping other experimental conditions 
the same. The GPC traces of ATRP of the second PtBA block with different amounts of monomer 
are shown in Figure 4.13. Compared to employing the ratio of 520 at specific reaction time 
(marked as a-1 and a-2 in Figure 4.13, respectively), PtBA with larger MW can be acquired when 
the ratio increased to 780, as marked as b-1 and b-2 in Figure 4.13, at both reaction times. 
Remarkably, the PDI can still be maintained less than 1.2. The molecular weight of the second 
PtBA block can thus be increased simply by increasing the tBA monomer amount even with the 
monomer conversion still lower than 30%.  
                  
Figure 4.12 Kinetic plot for the copper-mediated ATRP of second PtBA block with addition of linear 




Figure 4.13 GPC traces of star-like P4VP-b-PtBA diblock copolymer with different amount of tBA 
monomer: (a-1) and (a-2) use ratio of tBA: initiator= 520: 1.02 with polymerization time of 90 min and 150 
min, respectively. (b-1) and (b-2) use ratio of tBA: initiator= 780: 1.02 with polymerization time of 90 min 
and 150 min, respectively.   
 
Despite good controllability in PDI by adding linear initiator during reaction, the 
appearance of linear PtBA block was inevitable. Typically, fractional precipitation can be utilized 
to remove the undesired linear polymer, that is, by the fact that polymer with larger MW would 
precipitate out first when dissolving polymer in good solvent with the gradual addition of poor 
solvent. In this case, the difficulty of conducting fractional precipitation lies in identifying good 
solvent and poor solvent for both P4VP and PtBA block at the same time. Intriguingly, we found 
the linear PtBA can be easily removed by washing the product with hexane (Figure S9). 
Employing the solubility difference of P4VP and PtBA in hexane (good solubility for PtBA and 
poor solubility for P4VP), linear PtBA is soluble in hexane whereas star-like P4VP-b-PtBA 
diblock copolymer cannot be well dissolved in hexane, resulting in easy separation of the two parts 
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via washing the product, followed by centrifuging and collecting the precipitant. Notably, the 
larger the MW of the outer PtBA block, the higher tendency for dissolving the star-like diblock 
copolymer in hexane at the same time, eventually leading to more losses during this washing 
process.          
 
Figure 4.14 Removal of linear PtBA by washing with hexane: (a) as-synthesized star-like P4VP-b-PtBA 
diblock copolymer before washing, (b) precipitant of star-like P4VP-b-PtBA diblock copolymer after 
washing with hexane and centrifuging, and (c) suspension of star-like P4VP-b-PtBA diblock copolymer 
after washing with hexane and centrifuging.  
 
Synthesis of star-like P4VP-b-PtBA-b-PS and P4VP-b-PtBA-b-PMMA triblock 
copolymers via the third ATRP. A series of star-like P4VP-b-PtBA-b-PS and P4VP-b-PtBA-b-
PMMA triblock copolymers with different MWs were successfully prepared by conducting third 
ATRP using star-like P4VP-b-PtBA diblock copolymer as macroinitiator (Figure 4.1 (b-2) and 
(b-3), respectively). The absence of intermacromolecular coupling was verified by the GPC traces 
of star-like P4VP-b-PtBA-b-PS and P4VP-b-PtBA-b-PMMA triblock copolymers (Figure 4.3 and 
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Figure 4.15). Figure 4.5 (c-d) show the representative 1H NMR spectra of star-like P4VP-b-PtBA-
b-PS and P4VP-b-PtBA-b-PMMA triblock copolymers, respectively. In Figure 4.5 (c), except for 
those characteristic chemical shifts from pervious blocks, the peaks at δ = 6.33-7.31 ppm can be 
assigned to the protons on phenyl ring of the third PS block, indicating the successful growth of 
PS onto the star-like P4VP-b-PtBA macroinitiator. On the other hand, the chemical shift in Figure 
4.5 (d) at δ = 0.8-1.12 can be ascribed to methyl groups of the third PMMA block. The weak signal 
at δ = 6.6 and 8.3 from the pyridine group of the first star-like P4VP block might be due to the 
small ratio of molecular weight between P4VP and the subsequent PtBA and PMMA block.  
 
 





It is notable that when performing ATRP for the second (tBA) or third block (styrene and 
methyl methacrylate, respectively), even though the macroinitiator (e.g., X-terminated (X = Cl and 
Br) star-like P4VP in the case of grafting second PtBA block) was dissolved in good solvent at the 
beginning, the addition of tBA monomers may still cause turbidity or precipitation because tBA 
was the poor solvent for star-like P4VP homopolymer. As a result, the molar ratio of solvent to 
monomer was an important parameter that we paid attention to and the speed of adding tBA 
monomers should be controlled, that is, a dropwise injection was preferred to prevent the 
precipitation of the macroinitiator. 
The hydrodynamic diameters Dh of the star-like P4VP homopolymer, star-like P4VP-b-
PtBA diblock copolymer and star-like P4VP-b-PtBA-b-PS triblock copolymer were measured by 
dynamic light scattering (DLS) (Figure 4.16 (a)). Clearly, the Dh of the polymer increased from 
24 nm, 33 nm to 65 nm when an additional block was polymerized, suggesting each block was 
successfully grown from the previous star-like initiator. AFM measurements were conducted to 
distinguish the structure of unimolecular star-like polymer. A DMF solution containing star-like 
P4VP, P4VP-b-PtBA and P4VP-b-PtBA-b-PS (Sample 1; Table 4.1) was spin-coated on the pre-
cleaned Si substrate and the results are shown in Figure 4.16 (b-d), respectively. The spherical 
unimolecular nanoparticulates are clearly evident with an average diameter of 19.9 ± 3.4 nm, 29.1 
± 4.5 nm and 59.7 ± 5.9 nm for star-like P4VP homopolymer, star-like P4VP-b-PtBA diblock 
copolymer and star-like P4VP-b-PtBA-b-PS triblock copolymer (Figure 4.17), correlating well 





Figure 4.16 (a) Size change from star-like P4VP homopolymer, P4VP-b-PtBA diblock copolymer to 
P4VP-b-PtBA-b-PS triblock copolymer at 25 oC as measured by dynamic light scattering (DLS). (b-d) 
AFM height images of the corresponding star-like (b) P4VP, (c) P4VP-b-PtBA and (d) P4VP-b-PtBA-b-




Figure 4.17 Statistic size distribution from star-like homopolymer (P4VP), diblock copolymer (P4VP-b-
PtBA) to triblock copolymer (P4VP-b-PtBA-b-PS), measured by ImageJ with 100 nanoparticles in 
corresponding AFM height images. 
 
Synthesis of star-like P4VP-b-PtBA-b-PEO via click reaction. In addition to using 
ATRP for the growth of the third block of star-like triblock copolymer, hydrophilic PEO can be 
grafted onto star-like P4VP-b-PtBA diblock copolymer via click reaction, suggesting the 
capability of tailoring surface chemistry in this star-like polymer system. To proceed the reaction, 
the halogen end groups (i.e., Cl and Br) on star-like P4VP-b-PtBA diblock copolymer were first 
transformed into azide functionalities through nucleophilic substitution reaction with NaN3 in 
DMF. Successful azidation can be confirmed by the appearance of the stretching of -N3 at 2112 
cm-1 in FTIR result (Figure 4.18 (a), indicating by the black arrow). Subsequently, the click 
reaction between star-like P4VP-b-PtBA-N3 and alkyne-terminated PEO was performed. During 
the click reaction, excess amount of alkyne-terminated PEO was added into the system to ensure 
all the star-like P4VP-b-PtBA arms were clicked with linear PEO. The unreacted linear alkyne-
terminated PEO can be removed facilely by precipitating the reaction solvent in cold methanol for 
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several times. The successful click reaction can be verified by GPC traces with a significant peak 
shift (Figure 4.18 (b)), signifying the effective grafting of linear PEO onto star-like P4VP-b-PtBA 
diblock copolymer.     
 
Figure 4.18 (a) FTIR spectra of star-like P4VP-b-PtBA diblock copolymer before and after azidation, i.e., 
P4VP-b-PtBA (red curve) and P4VP-b-PtBA-N3 (black curve) and (b) GPC traces of star-like P4VP-b-
PtBA-b-PEO triblock copolymer with (1) first P4VP block, (2) P4VP-b-PtBA diblock and (3) P4VP-b-
PtBA-b-PEO triblock copolymer. 
 
Dual pH-responsive star-like P4VP-b-PAA diblock copolymer. Both hydrophilic P4VP 
and PAA are weak polyelectrolytes that the degree of ionization is governed by pH and ionic 
strength of aqueous solution. At higher pH (basic medium), PAA chains are deprotonated and fully 
stretched due to the repulsion of negatively charged PAA chains, whereas at lower pH (acid 
medium), P4VP chains can be fully stretched due to the repulsion of positively charged P4VP 
chains. Moreover, the strong ionization on either P4VP or PAA block can facilitate the re-
dissolution of the star-like diblock copolymer.28 Before investigating the pH-responsive behaviors 
of star-like P4VP-b-PAA diblock copolymers, we first looked into the pH-responsive behaviors of 
star-like P4VP and star-like PAA homopolymer, respectively. The UV-Vis transmittance and DLS 
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results of star-like P4VP homopolymer (MW from GPC = 75K, blue curve in Figure 4.4) and star-
like PAA homopolymer (MW from GPC = 290K) under different pH values in aqueous solution 
were obtained to indirectly characterize the associated morphological change of star-like polymer 
under different pH environment. Size and transmittance change of star-like P4VP homopolymer 
under varied pH values are shown in Figure 4.20. The hydrodynamic diameter of the P4VP 
remained a similar size at pH = 1 and 2, slightly decreased when pH increased to 3, followed by 
continuously increased at pH value higher than 5. The size distribution and size change at different 
pH values are shown in Figure 4.20 (a) and Figure 4.20 (b), respectively. At pH  2, star-like 
P4VP homopolymer was fully dissolved and polymer chains were fully stretched, yielding a 
transparent solution (Figure 4.19). With increased pH, the deprotonation of the P4VP side chains 
and side chain aggregation toward to the core occurred, resulting in slight decrease in size (at 
pH=3). With further increased pH, the dispersed star-like P4VP started to form large 
intermolecular aggregates, leading to sharp increase of polymer size (inset in Figure 4.20 (b)).  
In addition to the pH-dependent size change measured by DLS, the transmittance of 
solution containing star-like P4VP homopolymer provided a further support on the proposed 
morphological change under different pH environment (Figure 4.20 (c)). At pH > 2, the solution 
transmittance gradually decreased, resulting from the deprotonation of P4VP side chains and 
reduced electrostatic repulsion between star-like P4VP homopolymers. At pH > 3, the 
transmittance rapidly dropped due to the occurrence of the collapse of the deprotonated side chains 
and intermolecular aggregation.  
On the other hand, the size and transmittance variations of star-like PAA homopolymer 
under various pH were also measured and summarized in Figure 4.21. Similar to the size change 
trend of star-like P4VP except that PAA dissolved better at higher pH due to the deprotonated 
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polymer chains, in star-like PAA homopolymer case, with decreasing pH, the polymer size first 
slightly reduced with partially collapsed polymer chains, followed by continuous increase in size 
because of intermolecular aggregation between star-like PAA homopolymers. Moreover, UV-vis 
measurement of star-like PAA showed consistent result with continuous increase in transmittance 
with increasing pH. Taken together, both star-like P4VP and star-like PAA were thus demonstrated 
to be pH-responsive with opposite size change under varied pH condition. Given the pH responses 
of star-like P4VP and PAA homopolymer, respectively, a dual pH response of star-like P4VP-b-
PAA diblock copolymer may thus be expected.  
 





Figure 4.20 (a) Size change of star-like P4VP homopolymer at different pH value (in water) at 25 oC as 
measured by DLS, (b) the relationship between average hydrodynamic diameter of star-like P4VP 
homopolymer and pH value, summarized from DLS data in (a), and (c) UV-vis transmittance at 450 nm of 
star-like P4VP homopolymer as a function of pH value. The inset scheme in (b) shows the proposed 
morphological change of star-like P4VP homopolymer under varied pH environment. The concentration of 




Figure 4.21 (a) Size change of star-like PAA homopolymer at different pH value (in water) at 25 oC as 
measured by DLS, (b) the relation between average hydrodynamic diameter of star-like PAA homopolymer 
and pH value, summarized from DLS data in (a), and (c) UV-vis transmittance at 450 nm of star-like PAA 
homopolymer as a function of pH value. The inset scheme in (b) shows the proposed morphological change 
of star-like PAA homopolymer under varied pH environment. The concentration of the sample is 1 mg/ml. 
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To obtain star-like P4VP-b-PAA diblock copolymer, star-like P4VP-b-PtBA diblock 
copolymers with narrow PDI (sample 1 without growing third PS block; Table 4.1) were first 
dissolved in DMF, followed by raising to refluxing temperature and reacting for 4 h. Tert-butyl 
substituent of PtBA block can then be thermolyzed selectively and efficiently, yielding star-like 
P4VP-b-PAA diblock copolymer for pH-responsive behavior study. Figure 4.22 depicts the size 
(Figure 4.22 (a-b)) and transmittance changes (Figure 4.22 (c)) of star-like P4VP-b-PAA diblock 
copolymer under different pH environment. Surprisingly, by monitoring the appearance of the 
solution under different pH value, we found the solutions were turbid despite dissolved in acid or 
basic environment, due possibly to the interference of the insolubility of the other different block 
in the star-like P4VP-b-PAA system. For instance, P4VP dissolved well in acid condition whereas 
PAA had low solubility in acid condition, thus still leading to slight aggregation, as confirmed by 
only slight increase in size. The similar behavior was observed in basic environment. Intriguingly, 
a continuous size increase from pH=5 to pH=8 was found with the most significant increase 
occurred at pH = 8 (Figure 4.22 (b)). We speculated that for the pH value in this range, the 
positively charged pyridine groups and negatively charged carboxyl groups in the star-like P4VP-
b-PAA diblock copolymer may compensate their opposite charges that diminish the electrostatic 





Figure 4.22 (a) Size change of double hydrophilic star-like P4VP-b-PAA diblock copolymer at different 
pH values at 25 oC as measured by DLS. (b) The relation between average hydrodynamic diameter of 
P4VP-b-PAA diblock copolymer and pH value, summarized from DLS data in (a). (c) UV-vis transmittance 
of star-like P4VP-b-PAA diblock copolymer at 450 nm as a function of pH. The sample concentration is 1 
mg/ml. (d) The proposed morphological change of star-like P4VP-b-PAA under various pH environment. 
 
The possible mechanism accounting for the size change under different pH values is 
schematically illustrated in Figure 4.22 (d). In basic environment (i.e., a good solvent for PAA 
block yet a poor solvent for P4VP block), the outer deprotonated PAA block could be fully 
stretched because of the electrostatic repulsion, whereas the inner P4VP block would be collapsed, 
thus resulting in stabilization of the star-like P4VP-b-PAA diblock copolymer to some extent. On 
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the other hand, under acid condition (i.e., a good solvent for P4VP block yet a poor solvent for 
PAA block), the shrunk PAA chains would collapse onto the core, and meanwhile the P4VP block 
would extend into the acidic solution, forming the inversed unimolecular micellar structure. This 
observation is similar to the results from previous literature.21, 29 Again, due to the electrostatic 
repulsion between P4VP chains, star-like P4VP-b-PAA diblock copolymer could still be stabilized 
in acid solution. Interestingly, at the intermediate pH, because of the deprotonation of P4VP (less 
positively charged) and protonation of PAA (less negatively charged) as well as the charge balance 
between the two blocks, obvious aggregation between star-like diblock copolymer was found, 
representing as increased hydrodynamic size from the DLS measurements and lowered 
transmission in UV-vis studies. Furthermore, we note that the pH range for achieving fully-
stretched P4VP block and fully-stretched PAA block (i.e., the solubility of the star-like diblock 
copolymer) may be readily tuned by different molar ratio between the two blocks. On the basis of 
the dual-pH responsive behavior discussed above, a class of double hydrophilic star-like diblock 
copolymers could be rationally designed, synthesized, and exploited as polymer nanocarriers, 
encapsulating different kinds of drugs that are released under varied pH range. For instance, drug 
for oral administration should be released with increased pH while the anticancer drugs should be 
released at decreased pH (at tumor tissues or the endosomal and lysosomal compartments of cells).      
 
4.4 Conclusion 
In summary, we developed an approach to prepare star-like triblock copolymers consisting of 
P4VP and PtBA as the first and second blocks with narrow molecular weight distribution via 
addition of a linear initiator during the second ATRP for the polymerization of PtBA block. The 
advantages of this approach are manifested in the tailorability of the molecular weight of each 
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block as well as the excellent control over the molecular weight distribution (typically lower than 
1.2). The kinetics of growing the second PtBA block by ATRP with and without the addition of 
linear initiator are scrutinized. The linear relationship in both semilogarithmic kinetic plot and 
molecular weight vs. monomer conversion plot with the presence of linear initiator during the 
polymerization substantiate the suppressed termination and coupling reaction between polymer 
chains and the nature of living radical polymerization, respectively. The method via the deliberate 
introduction of linear initiator can thus resolve the coupling/termination issue during the growth 
of the second and third blocks with non-linear macroinitiator via ATRP, especially when pyridine-
containing polymers are involved. Finally, after hydrolyzing PtBA block within star-like P4VP-b-
PtBA diblock copolymer, the resulting star-like P4VP-b-PAA diblock copolymer displays an 
intriguing dual pH-responsive behavior, signifying its potential application as polymer 
nanocarriers for drug delivery. By extension, unimolecular star-like diblock or triblock copolymers 
composed of dissimilar stimuli-responsive blocks (e.g., pH-responsive, thermo-responsive, or 
photo-responsive) could also be rationally designed and synthesized via sequential ATRP from 
brominated cyclodextrins (i.e., -, -, -CD) as initiators. They may render a set of investigation 
into their appealing dual and triple stimuli-responsive properties triggered by different stimuli 
individually or concurrently for use in controlled delivery, sensors, nanotechnology, 
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CHAPTER 5. TAILORING ELECTROCATALYTIC ACTIVITY OF IN-SITU 
CRAFTED PEROVSKITE OXIDE NANOCRYSTALS VIA PRECISE SIZE AND 
DOPANT CONTROL 
Yeu-Wei Harn et al. submitted to Proceedings of the National Academy of Sciences of the United 
States of America 
 
5.1 Introduction 
The slow kinetics of oxygen reduction reaction (ORR) represents one of the key challenges in 
fuel cells. In this context, the ability to develop highly active catalysts is vital for efficient 
electrochemical energy conversion and storage.1-3 Despite superior catalytic activity and good 
chemical stability, noble metal (e.g., Pt and Ir) catalysts are widely viewed as unsustainable 
materials as they are scarce and expensive. Clearly, it is highly desirable to develop low-cost noble-
metal-free alternatives with high catalytic performance. Among various non-noble metal catalysts 
investigated over the past decades, perovskite oxides (hereafter referred to as perovskites) with a 
generic chemical formula ABO3 have been regarded as potential candidates due to their unique 
compositional versatility and structural stability as a rich diversity of cations for A (rare-earth or 
alkaline-earth metal) and B (transition metal) sites can be chosen. As such, they render 
fundamental exploration of the substitution effect of A and/or B sites on electronic structures and 
catalytic properties of perovskites.4,5 For instance, by substituting the B site cations, ORR 
performance of LaCrO3, LaFeO3 and LaMnO3 can be readily compared, and more importantly, eg 
filling, which leads to change in the B-O2 bonding strength, has been identified as a descriptor for 
the ORR activity.5,6 It is noteworthy that investigation into the size effect of perovskite 
nanomaterials on electrocatalytic performance remains very limited, due highly likely to the 
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incapability of precisely tuning their sizes. Particularly, the dependence of BaTiO3 nanoparticle 
size on ORR properties has yet to be explored.  
In addition to catalytic property noted above, perovskites also possess intriguing oxygen-
transport, ferroelectric, piezoelectric and dielectric characteristics.4,7-12 Notably, all these 
properties depend heavily on the size, defects, and surface properties of perovskite crystals.13-15 
Thus, the ability to produce homogeneous and stoichiometric perovskites with controlled size and 
shape enables the study of their dimension-dependent properties for designing perovskite 
nanomaterials and devices with desired functionalities. Conventionally, perovskites are yielded by 
solid-state reaction.16 For instance, bulk BaTiO3 are often synthesized at high temperature (> 
1000C) by calcinating a mixture of TiO2 and BaCO3 powders. Yet, such a high-reaction-
temperature approach has limited control over size and shape of BaTiO3 (i.e., forming large 
crystalline grains with a wide range of size). To this end, several wet chemistry methods (e.g., co-
precipitation process,17 pyrolysis,18 sol-gel,19 hydrothermal20 and metal-organic decomposition21-
23) conducted at much lower temperature have been employed to offer better control over 
composition and homogeneity of perovskites particles.16,21-23 Notably, some approaches noted 
above require strong alkaline condition and yield relatively large, nonuniform particle sizes 
(several hundred nm);20 and the others produce finer particle size (a few tens of nm),19 yet the size 
of BaTiO3 nanoparticles cannot be easily tailored.
23 As a result, the understanding on size-
dependent properties remains comparatively elusive.   
Herein, we develop a robust amphiphilic star-like block copolymer nanoreactor strategy for 
crafting a set of monodisperse BaTiO3 and La- and Co-doped BaTiO3 NPs and scrutinize, for the 
first time, their size- and dopant-dependent ORR activities. A series of amphiphilic star-like 
poly(acrylic acid)-block-polystyrene (denoted PAA-b-PS) diblock copolymers with varied 
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molecular weight of each block are synthesized by atom transfer radical polymerization (i.e., a 
living polymerization technique that affords the synthesis of polymer with well-defined molecular 
weight and low polydispersity). They are then employed as nanoreactors to guide in-situ growth 
of perovskite NPs via strong coordination between the bimetallic precursors and the carboxylic 
acid groups of inner PAA blocks of star-like PAA-b-PS at relatively low temperature (100 oC). 
Interestingly, the study of NP growth kinetics manifests that NPs are clearly templated by star-like 
PAA-b-PS diblock copolymer. Notably, star-like PAA-b-PS nanoreactors also render the synthesis 
of uniform PbTiO3 NPs with different sizes, as well as La- and Co-doped BaTiO3 NPs in which 
La and Co are chosen as dopants, demonstrating the effectiveness of nanoreactor in yielding NPs 
with tunable compositions. Subsequently, by dispersing pristine and doped BaTiO3 NPs on 
reduced graphene oxide (rGO) as electrocatalysts, the correlations between the NP size and ORR 
activity, as well as between the dopant type (La and Co) and concentration (≤ 10 mol%) and ORR 
performance, are elucidated. Quite intriguingly, the ORR activities progressively weaken as the 
size of BaTiO3 NP increases. Moreover, La- and Co-doped BaTiO3 NPs carry a significantly 
improved ORR performance over the pristine counterpart. Our first-principles calculations density 
functional theory (DFT) reveals that such enhanced ORR properties of doped BaTiO3 NPs can be 
attributed to reduced free energy barrier of ORR reaction because of the enhanced adsorption 
energy of intermediates and increased conductivity due to the modification of the electronic 
structure. By extension, amphiphilic star-like block copolymer nanoreactor strategy may enable 
the crafting of a large variety of other functional nanomaterials with tailored sizes and 
compositions, including metal chalcogenides, carbides, phosphates and nitrides. As such, they may 
open up new avenues for judicious design of high-activity electrocatalysts for ORR, oxygen 
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evolution reaction (OER), and concurrent ORR/OER for advanced energy conversion and storage 
devices (e.g., rechargeable metal-air batteries and regenerative fuel cells). 
 
5.2 Experiment Details 
The detailed synthetic processes of star-like PAA-b-PS diblock copolymer nanoreactor as well 
as perovskite and doped perovskite oxide nanoparticles (BaTiO3, PbTiO3 and La-doped, Co-doped 
BaTiO3 nanoparticles) have been described in Chapter 3, 3.1 and 3.2, respectively. Below we just 
specified the procedure for preparing annealed composite of BaTiO3 nanoparticles and reduced 
graphene oxide (rGO).   
5.2.1 Annealing of composites consisting of BaTiO3 NPs and reduced graphene oxide 
Graphene oxide was first prepared by Hummer’s method and stored in DMF, forming well-
dispersed graphene oxide DMF solution. After perovskite BaTiO3 NPs were synthesized, purified, 
and stored in toluene solution, graphene DMF solution was added at a 1:1 weight ratio of as-
synthesized perovskite NPs to graphene oxide. Sonication and stirring of the solution for more 
than one day were conducted to ensure good dispersion of as-synthesized NPs on graphene. Then 
the whole solution was dried out by rotary evaporator and the composite in powder form was 
obtained. Finally, the powder was placed in furnace tube and ready to be annealed. Prior to raise 
the temperature, purging the tube with N2 for more than 30 min is required to ensure the N2 
atmosphere during annealing. Temperature was raised to 600 oC for 2 h at a heating rate of 3o/min. 
The furnace was opened, and the product was retrieved after the furnace was cooled down to room 
temperature naturally. The graphene oxide in the composite was believed to be partially reduced 
into reduced graphene oxide after high-temperature-annealing treatment. 
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On the other hand, the annealing of composites consisting of PbTiO3 NPs and graphene 
oxide was also conducted. In this case, the impurity peaks (possibly from single oxide) cannot be 
completely removed after the annealing condition used. Therefore, we decided to focus on BaTiO3 
NPs for the following doping and electrocatalytic property investigations.   
Likewise, La- and Co-doped BaTiO3 NPs were also deposited on graphene oxide and 
undergone the same treatments as discussed above. To further improve both ORR and OER 
performance by introducing oxygen vacancies into the sample (i.e., Co-doped BaTiO3 NPs), after 
annealing at 600 oC in N2 for 2 h to ensure good crystallinity, the samples were then reduced at 
350 oC with forming gas of 5% H2 in N2 for 3 h.   
 
5.2.2 Characterization 
Molecular weights of polymers were measured by gel permeation chromatography (GPC), 
equipped with an Agilent1100 with a G1310A pump, a G1362A refractive detector and a G1314A 
variable wavelength detector. THF was used as the eluent at 1.0 ml/min at 35 °C. One 5 μm LP 
gel column (500 Å, molecular range: 500-2 ×104 g/ mol) and two 5 μm LP gel mixed bed columns 
(molecular range: 200-3 ×106 g/ mol) were calibrated using PS standard samples. Proton nuclear 
magnetic resonance (1H NMR) measurements were conducted on Varian VXR-300 spectroscope 
with the solvent resonances as the internal standard. Deuterated chloroform was used as the solvent 
for NMR measurement. The morphologies and the size distribution of perovskite NPs were 
characterized by transmission electron microscopy (TEM) (JOEL TEM 100CX; operated at 100 
kV) and HRTEM (zzJEOL 4000EX TEM, operated at 300 kV). Atomic structure, lattice constant 
and energy dispersive X-Ray spectroscopy analysis (EDX) were examined by HRTEM (zzJEOL 
4000EX TEM, operated at 300 kV). TEM samples were prepared by applying several drops of 
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diluted solution (with toluene as solvent) onto a carbon-coated copper TEM grid (300 mesh) and 
allowing the solvent to evaporate under ambient condition. Size distribution of diblock copolymer 
nanoreactors was acquired by laser light-scattering spectrometer (DLS, Wyatt DyanoPro). The 
synthesized NPs were annealed in furnace at 600 C for 2 h to improve the crystallinity. The 
crystalline structures of perovskite NPs were measured by X-ray powder diffraction (XRD, 
Pananlytic XPert PRO Alpha-1 XRD, Cu Kα radiation (λ = 0.154 nm)). Raman studies were 
performed using the 785 nm exciting line of a Nd:YAG laser (Renishaw, U.K.). The identification 
of chemical states for the elements in the pristine and doped perovskite NPs was obtained by X-






5.3 Results and Discussion 
Figure 5.1 (a) depicts the synthetic procedure towards monodisperse perovskite NP via 
capitalizing on amphiphilic star-like PAA-b-PS diblock copolymer as nanoreactor (see 
Experimental Section in Supplementary Information). First, the esterification of 21 hydroxyl 
groups (-OH) on β-cyclodextrin (β-CD) with 2-bromoisobytyryl bromide yields heptakis[2,3,6-tri-
O-(2-bromo-2-methylpropionyl]-ß-cyclodextrin) (denoted 21Br-ß-CD; upper second panel, 
Figure 5.1 (a)). By employing 21-Br-β-CD as a macroinitiator and performing sequential atom 
transfer radical polymerization (ATRP) of tert-butyl acrylate (tBA) and styrene, respectively 
(upper third and fourth panels; Figure 5.1 (a)), star-like poly(tert-butyl acrylate)-block-
polystyrene (PtBA-b-PS) diblock copolymers with well-defined molecular weight of each block 
are thus synthesized because of living free radical polymerization characteristic of ATRP.24,25 The 
hydrolysis is then conducted to convert PtBA blocks into poly(acrylic acid) (PAA; lower right 





Figure 5.1 (a) Stepwise representation of synthesis of perovskite NPs by capitalizing on star-like PAA-b-
PS diblock copolymer as nanoreactor. (b-e) Representative TEM images of monodispersed PS-ligated 
perovskite NPs (i.e., BaTiO3 and PbTiO3) with diameters of (b) 8.1 nm (c) 15.2 nm, (d) 20.6 nm, and (e) 
15.3 nm, yielded by utilizing respective star-like PAA-b-PS nanoreactors (i.e., Samples 1-3 in Table 5.1). 
(f) Statistics of size distribution of as-synthesized NPs. (g) A large-area TEM image of monodispersed 




Table 5.1 Summary of star-like PtBA (and PAA) homopolymers, star-like PtBA-b-PS diblock copolymers 
and the BaTiO3 nanoparticle (NP) sizes synthesized by using the corresponding star-like PAA-b-PS diblock 
copolymers as nanoreactors 
Sample # Mn, GPC of 
star-like PtBA 
(PAA) blocka 
Mn, NMR of 
PtBA blockb 










Sample 1 95K (53K) 5,500 281K  4,500 8.1 ± 0.9 nm 
Sample 2 160K (90K) 5,900 340K  4,440 15.2 ± 1.6 nm 
Sample 3 216K (122K) 6,300 400K  4,480 20.6 ± 1.4 nm 
Notes: a Number-average molecular weight, Mn, GPC of star-like PtBA homopolymer determined by GPC, 
calibrated by PS standards. The Mn, GPC of star-like PAA calculated by multiply the molecular weight ratio 
between tBA monomer and AA monomer. b Mn of each PtBA arm calculated from 1H NMR data (Figure 





where Ab and Aa are the integral area of the methyl protons in tert-butyl group of PtBA chains and the 
integral area of methyl protons at the α-end of PtBA chains, respectively, and 128.17 is the molecular weight 
of the tBA monomer. c Number-average molecular weight, Mn, GPC of star-like PtBA-b-PS diblock 
copolymer determined by GPC. d Mn of each PS arm calculated from 1H NMR data (Figure S3) based on 





where Ag and Aa are the integral area of phenyl protons on the PS block and the integral area of methyl 
protons at the α-end of the diblock arm, respectively, and 104.15 is the molecular weight of St monomer. e 
The size of NPs is statistically averaged over with 100 NPs in a TEM image by using ImageJ software.  
 
Three star-like PAA-b-PS diblock copolymers were successfully synthesized (see 
Experimental Section). The detailed characterizations on each step of reaction are shown in 
Figures 5.2-5.6. The as-synthesized star-like PAA-b-PS diblock copolymers were then employed 
as nanoreactors for crafting perovskite NPs intimately ligated by outer PS blocks (lower central 
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and left panels, Figure 5.1 (a)), including BaTiO3, PbTiO3, and doped BaTiO3 NPs as sequentially 
discussed below (see Experimental Section for more details). Notably, single bimetallic alkoxide 
was chosen as precursor for perovskite NP synthesis as it can simultaneously ensure the hydrolysis 
and correct stoichiometry of the final product.23 For synthesis of BaTiO3 NP, the metal moieties 
of precursors (i.e., BaTi(O2CC7H15)[OCH(CH3)2]5) were selectively and strongly coordinated with 
the functional groups (-COOH) of PAA blocks (lower central panel; Figure 5.1 (a)), eventually 
leading to the formation of perovskite NP within the compartment occupied by PAA blocks via 
thermolysis (lower left panel; Figure 5.1 (a)). Particularly, as noted above, the surface of as-
synthesized perovskite NP was intimately capped by the outer PS blocks (i.e., forming PS-ligated 
NP) as the outer PS chains were originally covalently bonded to the inner PAA chains, thereby 
preventing NPs from aggregation and facilitating their solubility in various organic solvents. It is 
notable that the diameter of as-synthesized BaTiO3 NPs can be easily altered by capitalizing on 
star-like PAA-b-PS diblock copolymers with different molecular weights of the inner PAA blocks 
at nearly same molecular weight of the outer PS blocks. Tables 5.1-5.2 summarize the molecular 
weight of each block and the average diameter of the resulting NPs template-grown using the 




Figure 5.2 1H-NMR spectrum of brominated β-cyclodextrin (denoted 21 Br-β-CD) macroinitiator, with 
CDCl3 used as solvent. 
 




Figure 5.4 1H-NMR spectrum of star-like poly(tert-butyl acrylate)-block-polystyrene (denoted PtBA-b-PS), 
with CDCl3 used as solvent.   
 
Figure 5.5 (a) GPC traces of three star-like PtBA homopolymers. (b) GPC traces of six star-like PtBA-b-
PS diblock copolymers. (c) Schematic of six star-like PtBA-b-PS diblock copolymers with varied molecular 
weights of inner PtBA block (MW= 95K, 160K and 216K), representing the possible dimension of each 
star-like PtBA-b-PS diblock copolymer based on the molecular weight of star-like PtBA block and total 




Figure 5.6 Hydrodynamic radii for star-like PAA-b-PS diblock copolymer nanoreactors with different 
molecular weights in diphenyl ether (DPE).  
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Table 5.2 Summary of star-like PtBA (and PAA) homopolymers and the size of BaTiO3 and PbTiO3 
nanoparticle (NP) synthesized using the corresponding star-like PAA-b-PS as nanoreactors 
Sample # MW of 
PtBAa 
MW of PAAb Size of BaTiO3 (nm)c Size of PbTiO3 (nm)d 
Sample 1 95K 50.6K 8.1 8.0 
Sample 2 160K 90K 15.2 15.3 
Sample 3 216K 122K 20.6 20.7 
a Number-average molecular weight, Mn, GPC of star-like PtBA homopolymer determined by GPC and b the 
corresponding molecular weight of PAA after hydrolysis. c and d are the average size of the BaTiO3, and 
PbTiO3 NPs synthesized using the corresponding star-like PAA-b-PS nanoreactors, calculated by ImageJ 
software by averaging over 100 nanoparticles in a TEM image. 
 
Figure 5.1 (b-d) show representative transmission electron microscope (TEM) images of 
three different-sized PS-ligated BaTiO3 NPs synthesized by employing three respective star-like 
PAA-b-PS diblock copolymers as nanoreactors (i.e., Samples 1-3 in Table 5.1). Their average 
diameters are 8.1 ± 0.9 nm (Figure 5.1 (b); from Sample 1 nanoreactor), 15.2 ± 1.6 nm (Figure 
5.1 (c), from Sample 2 nanoreactor) and 20.6 ± 1.4 nm (Figure 5.1 (d), from Sample 3 nanoreactor). 
The statistics of the NP size distribution are shown in Figure 5.1 (f), suggesting these NPs are 
uniform. All PS-ligated BaTiO3 NPs can be well-dispersed in good solvents of PS and easily 
purified (Figure 5.1 (g) and Figures 5.7-5.10; see Experimental Section for more details). 
Remarkably, all the TEM images shown are free of NP aggregation and impurities, signifying 




Figure 5.7 Representative TEM images of uniform PS-ligated BaTiO3 nanoparticles with an average 
diameter of 8.1 nm obtained by utilizing star-like PAA-b-PS diblock copolymer (Sample 1 in Table 5.1) 




Figure 5.8 Representative TEM images of uniform PS-ligated BaTiO3 nanoparticles with an average 
diameter of 15.2 nm under different magnifications. They were obtained by utilizing star-like PAA-b-PS 





Figure 5.9 Representative TEM images of uniform PS-ligated BaTiO3 nanoparticles with an average 
diameter of 20.6 nm under different magnifications. They were obtained by utilizing star-like PAA-b-PS 





Figure 5.10 Close-up TEM image of monodispersed PS-ligated BaTiO3 nanoparticles (D = 15.2 nm) 
synthesized using star-like PAA-b-PS diblock copolymer (Sample 2 in Table 5.1) as nanoreactor.  
 
It is interesting to note that the growth of BaTiO3 NP within inner hydrophilic PAA blocks 
of star-like PAA-b-PS nanoreactor was monitored by ex-situ TEM study at different reaction times 
(Figure 5.11). Shortly after the bimetallic precursors were added into the solution, no obvious 
structures were observed (Figure 5.11 (a)). Clear NPs of with an average size of 5.9 nm can be 
seen after a short reaction time (3 min, Figure 5.11 (b)), indicating a fast reaction speed to 
synthesize perovskite NPs with this approach. Intriguingly, as reaction time increased from 5 min 
(10.3 nm, Figure 5.11 (c)) to 30 min (14.5 nm, Figure 5.11 (d)), as-formed NPs were 
progressively grown and the NP sizes maintained uniform, as corroborated by low variation in the 
statistics of size distribution of NPs. When the average NP size reached 15 nm, their growth 
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virtually finished, as shown in Figure 5.11 (e-f), where the NP size remained unchanged with the 
prolonged reaction time (from 200 min to 1020 min). This is likely because the inner PAA 
compartment of star-like PAA-b-PS nanoreactor was fully taken up and the continuous growth of 
NP was restricted by the outer hydrophobic PS blocks. Notably, the formed NPs can be well-
dispersed in the solution even when the reaction time was prolonged to 1020 min (Figure 5.11 
(e)), further confirming the effectiveness of the presence of outer PS blocks on the surface of NPs 
in stabilizing the NPs in common organic solvents (e.g., toluene) without aggregation.  
 
Figure 5.11 (a-e) TEM images of PS-ligated BaTiO3 nanoparticles synthesized by employing star-like 
PAA-b-PS diblock copolymer (Sample 2 in Table S1) as nanoreactor at different reaction times. (a) 0 min 
(b) 3 min (c) 5 min (d) 30 min and (e) 1020 min. (f) Plot of the relation between the diameter of as-
synthesized BaTiO3 nanoparticles and reaction time. 
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Furthermore, in order to verify that the formation of BaTiO3 NPs was indeed structure-
directed by the inner PAA blocks of star-like PAA-b-PS, control experiments were conducted for 
several times under the same experimental conditions except no star-like nanoreactors were 
introduced into the system (Figure 5.12). Clearly, most of the products had matrix-like structures 
(Figure 5.12 (a)), possibly resulting from the unreacted precursors or the aggregated products due 
to lack of surface ligands. Big aggregates with irregular size of a few hundred of nanometers can 
also be found (Figure 5.12 (b)). Thus, control experiment further substantiated the key importance 
of star-like diblock copolymers in directing the growth and stabilizing the resulting NPs without 
aggregation.  
 
Figure 5.12 TEM images of the control sample, that is, BaTiO3 synthesized under the same experimental 
condition yet without adding star-like diblock copolymer nanoreactor. 
 
It is worth noting that in addition to BaTiO3 NPs, the star-like diblock copolymer 
nanoreactor strategy is versatile in yielding other perovskite NPs. To this end, PS-ligated PbTiO3 
NPs were synthesized using star-like PAA-b-PS as nanoreactor and lead titanium isopropoxide 
[PbTi(OCH(CH3)2)6] as precursor (a bimetallic alkoxide as well). Notably, the sizes of PbTiO3 
NPs were nearly identical to that of BaTiO3 NPs synthesized using the same series of nanoreactors 
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(Table 5.2; Figure 5.13-5.14). TEM images of the as-synthesized PbTiO3 NPs of three different 
sizes show they are well-dispersed and uniform without any aggregation or impurities after simple 
purification (Figure 5.14 (a, c, e)), where the corresponding statistics of size distribution are 
depicted in Figure 5.14 (b, d, f). Furthermore, a representative TEM image of PS-ligated PbTiO3 
NPs with an average diameter of 15.3 ± 1.5 nm, synthesized by employing Sample 2 as nanoreactor, 
is shown in Figure 5.1 (e-f). 
  
Figure 5.13 Plot of the correlation between as-synthesized BaTiO3 nanoparticle size and molecular weights 





Figure 5.14 (a-c) TEM images of PS-ligated PbTiO3 nanoparticles synthesized by utilizing star-like PAA-
b-PS diblock copolymers (Samples 1-3 shown in Table 5.1, respectively) as nanoreactors with varied 
nanoparticle sizes and (d-f) their corresponding statistics of nanoparticle size distribution. 
 
Figure 5.15 (a) displays the representative X-ray diffraction (XRD) profile of PS-capped 
BaTiO3 NPs before (upper panel) and after (lower panel) annealing in a N2-filled furnace at 600 
oC. Clearly, as-synthesized BaTiO3 NPs had low crystallinity, only the strongest peak (indexed to 
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(110) facet at 2 = 31.6 appeared. We speculated the low crystallinity of the as-synthesized 
perovskite NPs may be due to incomplete thermolysis of bimetallic alkoxide precursors due to 
relatively low reaction temperature (100 C). Nevertheless, the signals of Ba, Ti and O were 
observed from the energy-dispersive X-ray spectroscopy of as-synthesized BaTiO3 NPs (Figure 
5.16). After annealing PS-ligated BaTiO3 NPs dispersed on graphene oxide (GO) in furnace at 600 
oC (i.e., forming BaTiO3 NPs/rGO composites after annealing; see Experimental Section), the 
diffraction peaks appeared and can be indexed to cubic phase of BaTiO3 (lower panel, Figure 5.15 
(a)). In addition, Raman spectroscopy characterization was also conducted to detect the 
composition and local structure of PS-capped BaTiO3 NPs after annealing in N2-filled furnace at 
600 oC, substantiating the product was BaTiO3 with some local tetragonal distortions after 




Figure 5.15 (a) Representative XRD patterns of as-synthesized and crystallized BaTiO3 nanoparticles 
(NPs). (b-c) TEM of (b) as-synthesized BaTiO3 NPs and (c) crystallized BaTiO3 NPs dispersed on reduced 
graphene oxide sheets (indicated with white arrows). Both NPs were yielded by utilizing star-like PAA-b-
PS nanoreactors (i.e., Samples 2 in Table 5.1). (d-f) Representative XPS spectra of as-synthesized BaTiO3 
NPs (upper panel) and crystallized BaTiO3 NPs (lower panel) of (d) barium (Ba), (e) titanium (Ti) and (f) 





Figure 5.16 Energy dispersive X-Ray spectroscopy analysis of as-synthesized BaTiO3 nanoparticles. 
 
 
Figure 5.17 Raman spectrum from PS-ligated BaTiO3 nanoparticles after annealing at 600 oC in N2 
atmosphere. 
 
Raman spectroscopy measurement is widely employed for detecting the composition and local 
structure of BaTiO3, especially when the sample amount is small. Figure 5.17 presents the room-
temperature Raman spectrum (150 cm-1 to 800 cm-1) of PS-capped BaTiO3 nanoparticles after annealing in 
N2-filled furnace at 600 oC. The bands located at 515 and 260 cm-1 can be assigned to the transverse optical 
(TO) modes of A1 symmetry. The band at 715 cm-1 is related to the highest frequency longitudinal optical 
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mode (LO) with A1 symmetry, while the band around 305 cm-1 associated with the B1 mode. The peaks at 
305 cm-1 and at 715 cm-1 are generally considered as the signature of the ferroelectric (tetragonal) phase of 
BaTiO3. The presence of the two peaks at 305 and 715 cm-1 indicated that there are local tetragonal 
distortions in the BaTiO3 nanoparticles after annealing. We note the assignments discussed above are 
consistent with those reported in the literature. Compared to Raman profile, XRD data suggested the 
annealed BaTiO3 NPs were in cubic phase. This discrepancy may due to the following two reasons. First, 
the distortion detected by Raman may be only local distortion. For XRD, it measured the bulk behavior and 
thus local tetragonal signals, if any, would not be reflected in the XRD profile. Second, because XRD peaks 
are broadened as the particle sizes decrease, the splitting of peaks, which serves as an indicator of tetragonal 
phase, may be difficult to be observed clearly. 
 
Figure 5.15 (b) shows a representative TEM image of PS-ligated BaTiO3 NPs (a high-
resolution TEM (HRETM) image of a single NP) before annealing with unclear crystalline 
structure and lattice spacing, which is consistent with the XRD profile (upper panel, Figure 5.15 
(a)). As noted above, to retain the NP size and prevent them from aggregation after annealing, as-
synthesized NPs were first deposited on GO (TEM of pure GO is shown in Figure 5.18 (a)) and 
annealed, during which GO was converted into rGO (see Experimental Section). The TEM images 
revealed that BaTiO3 NPs possessed similar size and remained separately after annealing (Figure 
5.15 (c) and Figure 5.18 (b)), where the fold of rGO is indicated by white arrows in both images, 
verifying the presence of rGO either above or under the NPs. The HRTEM image of a BaTiO3 NP 
after annealing (inset of Figure 5.15 (c)) clearly showed crystalline lattices and characteristic d 
spacing of (110) plane of BaTiO3. In contrast, control experiment on annealing BaTiO3 NPs 
without introduction of graphene is demonstrated in Figure 5.19 with the NPs aggregated into 




Figure 5.18 TEM image of (a) pristine graphene oxide (GO) before annealing and (b) composite of BaTiO3 
nanoparticles deposited on reduced graphene oxide (rGO) after annealing at 600 oC in N2. The white arrow 
in (b) indicates the underlying rGO sheet. 
 
 
Figure 5.19 TEM images of BaTiO3 nanoparticles after annealing at 600 oC without mixing with graphene 
oxide (GO). 
 
The X-ray photoelectron spectroscopy (XPS) survey spectra of BaTiO3 NPs and high-
resolution spectra of individual elements, Ba 3d, Ti 2p and O 1s are presented in Figure 5.20 and 
Figure 5.15 (d-f), respectively. The Ba2+ 3d3/2 and Ba
2+ 3d5/2 peak positions centered at 779.7 and 
795 eV (upper panel, Figure 5.15 (d); before annealing (as-synthesized)) are slightly higher than 
those in crystallized BaTiO3 NPs (779 and 793.8; lower panel, Figure 5.15 (d); after annealing). 
The shift to slightly higher binding energy may be a result of different chemical environment of 
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Ba in the non-crystalline phase as compared to the crystalline phase.26,27 The Ti 2p peak of as-
synthesized BaTiO3 NPs can be resolved into two components (Ti 2p3/2 and Ti 2p1/2), which can 
further be deconvoluted into four peaks (upper panel, Figure 5.15 (e)). Among them, the peaks at 
458.2 eV and 463.7 eV can be assigned to Ti 2p3/2 and Ti 2p1/2 peaks of Ti
4+ in the TiO6 octahedra,
28 
whereas the peaks located at 456.8 eV and 461.6 eV are consistent with Ti 2p3/2 and Ti 2p1/2 peaks 
of reduced Ti,29 often described as Ti3+. The appearance of a low-binding-energy component 
suggested there were some structural defects in as-synthesized BaTiO3 NPs due possibly to low 
reaction temperature (100 C). However, no observable shift in the main peak of Ti between as-
synthesized and crystallized BaTiO3 NPs (lower panel, Figure 5.15 (e)) indicated that the structure 
of TiO6 octahedra was largely chemically unchanged. For the O 1s peak of as-synthesized BaTiO3 
NPs (Figure 5.15 (f)), the main peak positioned at 529.5 eV can be assigned to oxygen in the 
BaTiO3 lattice, whereas the shoulder peak at higher binding energy can be attributed to 
physisorbed molecular water, both consistent with previous XPS studies of bulk and single-crystal 
BaTiO3.
20 Furthermore, the greatly-suppressed shoulder peak after annealing the sample under 600 
oC (lower panel, Figure 5.15 (f)) indirectly supported the origin of the shoulder peak was actually 




Figure 5.20 XPS full spectra of (a) as-synthesized, (b) crystallized, (c) La-doped and (d) Co-doped BaTiO3 
nanoparticles, respectively.  
 
As a semiconducting material with a large bandgap (~3.1 eV), the structural, chemical, 
optical and electrical properties of BaTiO3 are known to depend heavily on the purity of the starting 
materials, annealing conditions, and dopant types.30 In the latter context, doping a low 
concentration of lanthanum (La) in BaTiO3 has been shown to increase grain growth and decrease 
Curie temperature.31 On the other hand, doping with cobalt (Co) could induce lattice strain, leading 
to increased piezoelectric and magnetostrictive strains and thus enhanced magnetoelectric 
coupling.32 Notably, pristine and doped perovskite oxides are widely recognized as promising 
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electrocatalysts owing to their appealing attributes including low cost, facile synthesis, high 
stability in alkaline solution, and composition flexibility (a large variety of A and B cations can be 
chosen and substituted),4,33 as noted above. Importantly, such composition tunability renders 
tailored electrocatalytic behaviors by varying oxidation states and coordination environments.15,34 
To this end, as La-based and Co-based materials are known as good electrocatalysts for ORR, La 
and Co were thus chosen as dopants to yield La-doped and Co-doped BaTiO3 NPs for scrutinizing 
the composition-dependent electrocatalytic properties of BaTiO3 NPs (i.e., pristine, La-doped, and 
Co-doped BaTiO3 NPs), in addition to the size-dependent electrocatalysis. 
PS-ligated La-doped and Co-doped BaTiO3 NPs were first synthesized by exploiting the 
same nanoreactor strategy as PS-ligated BaTiO3 NPs except a certain amount of dopant precursors 
(lanthanum isopropoxide for La3+ doping, and cobalt acetate for Co2+ doping) were added at the 
same time when dissolving and coordinating bimetallic precursors of BaTiO3 with -COOH groups 
of inner PAA blocks (see Experimental Section). The proposed formation mechanism for both La-
doped BaTiO3 NPs and Co-doped BaTiO3 NPs with star-like diblock copolymer nanoreactors
35 
can be referred to the Experimental Section. Figure 5.21 (a-b) show the representative TEM 
images of as-synthesized (i.e., before annealing) La-doped and Co-doped BaTiO3 NPs with 5 
mol% of dopants, both synthesized using star-like PAA-b-PS nanoreactor (Sample 2 in Table 5.1). 
It is clear that they are uniform with the size of 15.4 ± 1.2 nm for La-doped BaTiO3 NPs (Figure 
5.22) and 15.6 ± 1.5 nm for Co-doped BaTiO3 NPs (Figure 5.23), close to that without doping 
(15.2 ± 1.2 nm; i.e., pristine BaTiO3 NPs in Figure 5.1 (f)). Clearly, the success in producing 
doped BaTiO3 NPs further demonstrated the robustness of our nanoreactor strategy in effectively 




Figure 5.21 (a-b) Representative TEM images of as-synthesized (before annealing) doped BaTiO3 NPs 
with different dopants: (a) 5 mol% La and (b) 5 mol% Co. Upper-right insets in (a) and (b) are the proposed 
corresponding crystal structure after doping. Green, red, blue, yellow and pink spheres represent Ba, O, La, 
Ti and Co atoms, respectively. Lower-right insets in (a) and (b) are the HRTEM images of a single 5 mol% 
La-doped and 5 mol% Co-doped BaTiO3 NPs, respectively, after mixing with GO and annealing in N2 at 
600 oC (i.e., after annealing). (c-d) XPS spectra of (c) La and (d) Co after doping in La-doped and Co-




Figure 5.22 (a, b) TEM images of as-synthesized La (5 mol%)-doped BaTiO3 nanoparticles at different 
magnifications. (c) Statistics of size distribution of as-synthesized La-doped BaTiO3 nanoparticles (using 





Figure 5.23 TEM images of as-synthesized Co-doped BaTiO3 nanoparticles with different amounts of Co. 
(a, b) 1 mol%, (d, e) 5 mol% and (g, h) 10 mol%. Insets in (a, c, e) are the digital images of the nanoparticle 
toluene solution containing as-synthesized Co-doped BaTiO3 nanoparticles (using Sample 2 in Table 5.1 
as nanoreactor). The size histograms of the corresponding Co-doped BaTiO3 nanoparticle at different 
dopant concentrations are shown in (c, f, i).  
 
After the La-doped and Co-doped BaTiO3 NPs were made, the product was again mixed 
with GO and annealed in N2 at 600 
oC for 2 h to increase their crystallinity (see Experimental 
Section). The HRTEM images of La-doped and Co-doped BaTiO3 NPs after annealing with clear 
crystalline lattice are shown as insets (lower right) in Figure 5.21 (a-b), respectively. The upper 
right insets in Figure 5.21 (a-b) are the proposed unit cell structures after doping. Due to the 
similarity in ionic radii (Ba2+: 149 pm, La3+: 117.2 pm, Co2+: 79 pm, and Ti4+: 74.5 pm), La3+ ions 
have higher tendency to replace Ba2+ ions (A-site), while Co2+ ions tend to substitute Ti4+ ions (B-
site), as supported by literature.32,36 Thus, electrons and cation vacancies may be generated when 
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doping BaTiO3 NPs with La
3+ ion, whereas anion vacancies may be formed when doping BaTiO3 
NPs with Co2+ ion in order to maintain the charge neutrality. In particular, positive charges 
generated from the substitution of Ba2+ with La3+ can be compensated by negatively charge defects, 
i.e., barium vacancies, titanium vacancies and electrons,31 while negative charges created from the 
replacement of Ti4+ with Co2+ can be balanced by positively charged oxygen vacancies.32  
The successful doping of La and Co was verified by XPS measurements. The 
representative XPS spectra of 5 mol% La-doped and Co-doped BaTiO3 NPs, after mixing with GO 
and annealing in N2 at 600 
oC, are shown in Figure 5.21 (c) and Figure 5.21 (d), respectively. The 
binding energies of La3+ 3d5/2 and La
3+ 3d3/2 peaks are located at 834 eV and 849.9 eV with the 
satellite peaks (denoted “sat.”) presented at 838 and 853 eV (Figure 5.21 (c)). As for Co 2p, the 
XPS result can be deconvoluted into four peaks (Figure 5.21 (d)). The binding energies of 779.7 
and 795 are attributed to Ba2+ ions, consistent with the peak positions of pure BaTiO3 NPs (Figure 
5.15 (d)). The intermediate peaks with higher binding energy of 782 eV (Co 2p3/2) and 796 eV (Co 
2p1/2) are associated with Co
2+ ions. Finally, the peaks at higher binding energy (786 eV and 802 
eV) are identified as satellite peaks.  
We note that using the star-like diblock copolymer nanoreactor, the size of doped NPs can 
be maintained while varying the dopant concentrations at the proper molar ratio of dopant 
precursors to BaTiO3 precursors (TEM images in Figure 5.23). Clearly, the morphologies of the 
doped BaTiO3 NPs are still uniform even at 10 mol% dopant concentration. The insets in Figure 
5.23 (a, d, and g) show the digital images of doped NPs dispersed in toluene, where the solution 
color changed from yellow (Figure 5.23 (a)), green (Figure 5.23 (d)) to blue (Figure 5.23 (g)) as 
the dopant concentration increased. The size histograms of BaTiO3 NPs doped with 1 mol%, 5 
mol% and 10 mol% Co, respectively, are shown in Figure 5.23 (c, f, and i). It is interesting to note 
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that the sizes of BaTiO3 NPs with different dopant concentrations are similar to each other, 
signifying the flexibility of the BaTiO3 NP as the framework for doping with varied elements and 
doping concentrations. The corresponding XRD profiles for annealed BaTiO3 NPs that doped with 
different amounts of Co dopants are shown in Figure 5.24. As the dopant concentration increased, 
the peak sharpness of doped BaTiO3 decreased significantly. The characteristic peaks for 1 mol% 
and 5 mol% Co-doped BaTiO3 can be clearly identified, while disappearing for the 10 mol% Co-
doped sample. The decrease of the peak intensity may result from the generation of oxygen 
vacancies due to charge compensation when replacing Ti4+ with Co2+, thus destroying the 
continuously-ordered crystal structure.37,38 However, no new or secondary peaks emerged after 
doping 10 mol% Co, suggesting Co precursors did not segregate into individual Co-based 
materials. On the basis of the results above, we chose 5 mol% La-doped and Co-doped BaTiO3 
NPs, instead of 1 mol% (due to less significant doping effect) and 10 mol% (due to partially-
deformed crystal structure; Figure 5.24) doped NPs, for investigating their electrocatalytic 
properties. 
 
Figure 5.24 XRD profile of Co-doped BaTiO3 nanoparticles with different amounts of Co dopants after 
mixing with graphene oxide (GO) and then annealed in N2 at 600 oC (i.e., yielding Co-doped BaTiO3 
nanoparticle (NP) dispersed on the surface of reduced GO (rGO); a Co-doped BaTiO3 NP/rGO composites). 
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We now turn our attention to scrutinize size- and composition-dependent ORR activities 
of as-synthesized BaTiO3 (size-dependent), as well as crystallized BaTiO3, La- and Co-doped 
BaTiO3 NPs on rGO (composition-dependent), respectively, in N2 and O2-saturated alkaline 
electrolytes (0.1 M KOH) in a three-electrode cell with rotating disk electrodes. All potentials were 
referenced to a reversible hydrogen electrode (RHE). To assess the ORR activity, the respective 
materials were first loaded onto glassy carbon (GC) electrodes for cyclic voltammetry (CV) in O2- 
versus N2-saturated 0.1 M KOH (Figure 5.25 (a)). Featureless voltammetric curves were observed 
for all four samples when measured in N2-saturated solutions (dash curves in Figure 5.25 (a)). In 
contrast, distinct peaks appeared at varied potentials for as-synthesized BaTiO3, crystallized 
BaTiO3, La-doped BaTiO3 and Co-doped BaTiO3 NPs when tested in O2-saturated alkaline 
solutions (solid curves). Remarkably, both La-doped and Co-doped BaTiO3 NPs demonstrated 
much more positive ORR onset potential (~0.80V and ~0.84V relative to the RHE, defined as the 
potential at which two tangent lines intersected) and higher limiting current density, suggesting 
the doped BaTiO3 NPs are promising candidates as ORR catalysts.   
To further evaluate the ORR activity, linear sweep voltammetry (LSV) curves of the 
catalysts were recorded in O2-saturated electrolytes at a scan rate of 5 mVs
-1 at 1600 rpm. Figure 
5.25 (b) reveals the NP size effect of as-synthesized BaTiO3 NPs on the ORR performance, 
enabled by star-like diblock copolymer nanoreactor strategy that renders precise tailoring of the 
dimension of perovskite NPs, which has been proven to be difficult to achieve because of high 
formation energies of perovskites.39,40 Quite intriguingly, as the size of catalyst decreased (Figure 
5.1 (b-d)), the ORR activities progressively enhanced, representing more positive onset potential 
and half-wave potential as well as larger limiting current density. Compared to those of the largest-
sized catalyst (D = 20.6 ± 1.4 nm), both onset potential and half-wave potential of the smallest-
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sized catalyst (D = 8.1 ± 0.9 nm) were improved (Figures 5.26). Similar enhancement in ORR 
performance with decreased NPs size was observed after annealing the NPs (Figures 5.27). In 
addition to more positive onset potential and half-wave potential, the limiting current density 
increased by 1.4 times, from 4.1 mA/cm2 for 20.6 nm BaTiO3 NPs to 5.8 mA/cm
2 for 8.1 nm 
BaTiO3 NPs of the smallest size (Figures 5.27). The promoted ORR performance can possibly be 
attributed to improved electroconductivity as well as larger surface area as the NP size decreased, 
thus increasing electrochemical active sites for adsorbing oxygen during ORR reaction.41-43 
Figure 5.25 (c) compares the effect of varied compositions (pristine as well as doped with 
different elements at 5 mol% dopant concentration) on the ORR properties. We note that all the 
BaTiO3 NPs (pristine as well as La- and Co-doped) measured had the average sizes of 15 nm, 
synthesized by using Sample 2 as nanoreactor (Table 5.1). Both the A-site doping (substituting 
Ba2+ with La3+) and B-site doping (replacing Ti4+ with Co2+) manifested greatly enhanced 
performance (i.e., more positive ORR onset potential and higher limiting current density). Notably, 
despite the contributions of the bare GC electrode and the GC-supported rGO electrode for ORR 
were not negligible under the same measuring conditions, the enhanced ORR activities were 
clearly dominated by the doped catalysts (Figure 5.28). A significant improvement can be seen 
even at low dopant concentration (5 mol%). The comparison between Co-doped and La-doped 
BaTiO3 NPs shows the former significantly outperformed the latter. The detailed results of CV 
and LSV measurements of La-doped BaTiO3 with different rotation speeds are shown in Figure 






Figure 5.25 (a) CV curves of as-synthesized amorphous BaTiO3, crystallized BaTiO3, 5 mol% La-doped 
BaTiO3 and 5 mol% Co-doped BaTiO3 NPs on glassy carbon electrodes in O2-saturated (solid curve) or N2-
saturated (dash curve) 0.1 M KOH. (b-c) Rotating-disk voltammograms of (b) as-synthesized amorphous 
BaTiO3 NPs of different sizes and (c) crystallized BaTiO3 NPs with (i.e., 5 mol% of La- and Co-doping) 
and without dopants at a sweep rate of 5 mV/s and a rotation rate of 1600 rpm. (d) Rotating-disk 
voltammograms of 5 mol% Co-doped BaTiO3 NPs at a sweep rate of 5 mV/s and different rotation rates. 
The inset in (d) shows the corresponding Koutechy-Levich plots at different potentials. (e) 
Chronoamperometric responses of 5 mol% Co-doped BaTiO3 NPs at 0.7 V. The NPs with the average size 
of ~15 nm in (c-e) were synthesized by employing star-like PAA-b-PS nanoreactor (i.e., Samples 2 in Table 




Figure 5.26 Onset potential and half-wave potential of as-synthesized BaTiO3 nanoparticles at different 
sizes (i.e., 8.1 nm, 15.2 nm and 20.6 nm) measured in 0.1 M KOH solution at a scanning rate of 5 mV s−1 
and a rotation speed of 1600 rpm. 
 
 




Figure 5.28 Oxygen reduction currents of glassy carbon electrode, reduced graphene oxide, crystallized 
BaTiO3 nanoparticles (D = 15.2 nm) and 5 mol% Co-doped BaTiO3 nanoparticles (D = 15.6 nm) in O2-




Figure 5.29 (a) CV of 5 mol% La-doped BaTiO3 nanoparticles in oxygen (red) and nitrogen (black) 
saturated 0.1 M KOH. (b) Oxygen reduction currents of crystallized BaTiO3 nanoparticles and 5 mol% La-
doped BaTiO3 nanoparticles on glassy carbon electrode in O2-saturated 0.1 M KOH at a sweep rate of 5 
mV/s and rotation rate of 1600 rpm. (c) Rotating-disk voltammogram of 5 mol% La-doped BaTiO3 
nanoparticles in O2-saturated 0.1 M KOH at a sweep rate of 5 mV/s and different rotation rates. All the 




Figure 5.30 Onset potential and enhancement of onset potential of crystalline BaTiO3 nanoparticles with 
different types of dopants measured in 0.1 M KOH solution at a scanning rate of 5 mV/s and a rotation 
speed of 1600 rpm. 
 
Figure 5.25 (d) exemplifies the dependence of the disk current (iD) on the angular rotation (ω) 

















where ik and iL are the kinetically and mass-transport limiting currents, respectively. iL depends on 
the number of transferred electrons (n), diffusion coefficient of oxygen in 0.1 M KOH (D), bulk 
oxygen concentration (c), and kinematic viscosity (𝜈). Other parameters include the disk geometric 
area (A) and the Faraday constant (F). The detailed calculations are shown in Supplementary  
Information. The linear Koutechy-Levich plots (inset of Figure 5.25 (d) and Figure 5.31) and 
nearly parallel fitting lines suggested first-order reaction kinetics towards the concentration of 
dissolved oxygen. The electron transfer number (n) was calculated to be 3.9-4.2 between 0.40-
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0.55V from the slope of Koutechy-Levich plots, signifying a 4e oxygen reduction process for 5 
mol% Co-doped BaTiO3 NPs (D= 15.6 ± 1.5 nm) deposited on rGO (i.e., Co-doped BaTiO3 
NPs/rGO  composites).  
 
Figure 5.31 Koutechy-Levich plots (J-1 ~ ω-1/2) of 5 mol% Co-doped BaTiO3 nanoparticles (D= 15.6 ± 1.5 
nm)/rGO hybrid composites at different potentials. 
 
To investigate the effect of Co dopant concentration of Co-doped BaTiO3 NPs on ORR 
properties, a series of samples with 0, 1, 5 and 10 mol% Co dopants were synthesized and measured 
(Figure 5.32). As the dopant concentration increased, the ORR properties were progressively 
enhanced, representing a more positive onset potential, half-wave potential and higher limiting 
current density. Notably, in what follows, the discussion was centered on 5 mol% Co-doped 
BaTiO3 NPs as the perovskite structure seemed not well retained when the Co dopant 
concentration increased to 10 mol%, as suggested by the weak XRD signal even after annealing 
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(Figure 5.24). We note that the potential of Co-doped BaTiO3 NPs was extended to 2.0 V versus 
RHE to the water oxidation regime and evaluated electrocatalytic oxygen evolution reaction (OER) 
activity (Figure 5.33). Interestingly, our results indicated doping perovskite oxides may be a 
feasible approach for improving the electrocatalytic properties (Figure 5.33), which can be further 
enhanced by judiciously choosing other dopants of interest and their concentrations. 
 
Figure 5.32 Oxygen reduction currents of crystallized BaTiO3 nanoparticles and Co-doped BaTiO3 
nanoparticles at different dopant concentrations on glassy carbon electrode in O2-saturated 0.1 M KOH at 





Figure 5.33 Oxygen evolution currents of 5 mol% Co-doped BaTiO3 nanoparticles loaded onto glassy 
carbon electrode measured in 0.1 M KOH at a sweep rate of 5 mV/s and a rotation rate of 1600 rpm. Clearly, 
Co-doped BaTiO3 NPs exhibited a superior overpotential of OER as well as higher limiting current density 
compared to BaTiO3 particles synthesized and annealed at higher temperature (i.e., 1300 oC) in vacuum as 
previously reported in literature. Further enhancement may be achieved by judiciously choosing dopant 
types and their concentrations. 
 
To further increase the ORR and OER activities of Co-doped BaTiO3 NPs, oxygen vacancies 
were introduced via a simple reductive annealing process at low temperature45 (i.e., with a forming 
gas of 5% H2 and 95% N2 at 350 
oC). According to the previous study in literature,45 oxygen-
deficient perovskite (A2B2O5) will be generated by using a forming gas containing 5% H2. In our 
system, compared to those before annealing, increased ORR (Figure 5.34) and OER (Figure 5.35) 
activities after annealing in forming gas were observed, which can possibly be ascribed to the 
facile transport of intermediates during the reaction due to the oxygen vacancies generated from 
reductive annealing process.45,46 Finally, the stability of Co-doped BaTiO3 NPs towards ORR at 
constant potential of 0.7 V was tested (Figure 5.25 (e)). A stable catalytic activity on the Co-doped 
BaTiO3 NPs was achieved, displaying a constant current density of 1.84 mA/cm
2, which is 
consistent with the LSV curve shown in Figure 5.25 (c). After continuous operation for 9000s, 
196 
 
only slight decrease in current density was seen, verifying high stability of as-synthesized catalyst 
during the ORR process in alkaline medium.  
 
Figure 5.34 (a) Oxygen reduction polarization curves of 5 mol% Co-doped BaTiO3 nanoparticles (D = 15.6 
nm, synthesized by using Sample 2 in Table 5.1 as nanoreactor) before and after further annealed in 95N2-
5H2. (b) Rotating-disk voltammograms of the corresponding annealed Co-doped BaTiO3 nanoparticles at 
different rotation rates. 
 
 
Figure 5.35 Oxygen evolution currents of 5 mol% Co-doped BaTiO3 nanoparticles (D = 15.6 nm, 
synthesized by using Sample 2 in Table 5.1 as nanoreactor) before and after further annealed in 95N2-5H2, 




To elucidate the underlying mechanism on the enhanced ORR performance of BaTiO3 NPs 
after doping, we performed first-principles calculations based on density functional theory 
(DFT),47,48 as implemented in the Vienna Ab initio Simulation Package (VASP).49,50 As shown in 
Figure 5.35 (a), we considered a (100) surface by a 9-atomic layer thick BaTiO3 slab. All atoms 
were relaxed except for the bottom 4 atomic layers to mimic the bulk environment (lower panel; 
Figure 5.35 (a-f)). A 2√2 × 2√2 supercell of the BaTiO3 slab was chosen to model the effects of 
doping and surface processes. Such a supercell contains 40 Ba atoms, 32 Ti atoms, and 104 O 
atoms. Figure 5.35 (b-c) shows the relaxed atomic configurations of Co-doped BaTiO3 and La-
doped BaTiO3, respectively, where a single Ti (Ba) atom is replaced by a Co (La) atom as the 
atomic radius and shell structure between Ti (Ba) and Co (La) atoms are similar. The relaxed 
atomic configurations of the surfaces with oxygen adsorption are shown in Figure 5.35 (d-f). 
Figure 5.35 (g-i) depicts the projected density of states (PDOS) of the first and second atomic 
layers of the pristine BaTiO3, Co-doped BaTiO3, and La-doped BaTiO3 surface. A bandgap of 
1.523 eV around the Fermi energy can be clearly identified for pristine BaTiO3. After doped with 
Co, several defect states occur within the bandgap, and these defect states are mainly from the Co 
dopant (Figure 5.35 (h)). In contrast to the case of Co-doping, La-doping did not introduce extra 
states between the valence band and the conduction band. Instead, La-doping lifts the Fermi energy 
up into the conduction band (Figure 5.35 (i)). Both changes in electronic states after doping with 
Co and La may in turn lead to an increase in the electrical conductivity. According to our 
calculations, the energy bands corresponding to the defect states of Co-doped BaTiO3 is quite flat, 
signifying that these defect states are localized. Therefore, the electron transport in Co-doped 
BaTiO3 should involve hopping through the localized defect states. Nevertheless, electrons in La-
doped BaTiO3 can only flow via the delocalized states of the conduction band.  
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Next, we examined how ORR reaction is affected by doping via calculating the free energy 
difference. Setting Φ = Φ𝑒𝑞, the free energy diagrams can be obtained for comparison between 
pristine BaTiO3 and Co-doped BaTiO3 (Figure 5.35 (j)), as well as pristine BaTiO3 and La-doped 
BaTiO3 (Figure 5.35 (k)), via both PBE exchange correlation energy functional (solid line)
51 and 
the HSE06 (dash line).52 Notably, the second reaction step was found to be the rate-limiting step 
for all the cases (pristine and doped BaTiO3). The free energy barriers within this step are 0.942 
(=0.269-(-0.673); for BaTiO3), 0.752 (=0.430-(-0.322); for Co-doped BaTiO3), and 0.547 (=0.622-
(-0.075); for La-doped BaTiO3) eV, respectively, based on PBE exchange correlation energy 
functional. The decrease in the free energy barrier can be understood in terms of adsorption energy. 
Specifically, it is the adsorption energy difference ∆𝐸2
𝑎𝑑𝑠  = 𝐸ads(OOH) − 𝐸ads(OO)  that 
contributes primarily to the free energy change ∆𝐺2. From the simulation results shown in Table 
5.3, the adsorption energies of OH, OO, OOH, and O were all found to be enhanced53,54 and ∆𝐸2
𝑎𝑑𝑠 
is reduced after doping with both dopants (i.e., Co and La). As such, the free energy barriers of the 
ORR reaction are reduced, which is consistent with the enhanced ORR performance of BaTiO3 
after doping seen in experiments. Particularly, the enhanced adsorption is due to the pronounced 
substrate-adsorbate charge transfer in the case of La doping, and is because of the strong 
hybridization between t2g orbitals of Co with the adsorbates for the Co doping case, respectively, 




Figure 5.35 (a)-(f) Relaxed atomic configuration of pristine, Co-doped, and La-doped (100) BaTiO3 
surfaces (a)-(c) in the absence of oxygen adsorption and (d)-(f) with oxygen adsorption. In the top view, 
all atoms, except those in the topmost atomic layer and the dopant atom, are made opaque to highlight the 
surface layer. The black rectangles in the top view indicate the cross section for generating the side view 
below. (g)-(i) Projected density of states (PDOS) of the first and second atomic layers for the three surfaces 
shown in (a)-(c), respectively. Fermi energy is set to zero. Unit for PDOS: number of states/eV/atom. (j) 
and (k) Free energy diagrams for the ORR reaction of (j) pristine BaTiO3 and Co-doped BaTiO3 and (k) 
pristine BaTiO3 and La-doped BaTiO3, respectively based on the Perdew–Burke–Ernzerhof (PBE, solid 
line) exchange correlation energy functional and the hybrid functional developed by Heyd–Scuseria–
Ernzerhof (HSE06, dash line). The highest free energy barriers are marked in (j) and (k) with red arrows. 
Equilibrium external potential is adopted such that the net change in the free energy after a circle of ORR 
reaction equals zero.   
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Table 5.3 Adsorption energies for OH, OO, OOH, and O on the BaTiO3 (100) surface with and without 
doping. 
Eads (eV) OH OO OOH O 
BaTiO3 -1.894 -0.439 -0.838 -2.186 
Co-doped BaTiO3 -2.533 -0.756 -1.369 -3.722 






Figure 5.36 Projected density of states (PDOS) to surface atoms of (a) La-doped and (b) Co-doped (100) 
BaTiO3 surfaces with the adsorption of an oxygen molecule per unit cell. PDOS to d orbitals of Co which 
is doped to the (100) BaTiO3 surface (c) without and (d) with the adsorption of an oxygen molecule per 
unit cell. Positive PDOS is for spin-up electrons and negative PDOS is for spin-down electrons. The inset 



































































For a clean surface without any adsorbate, La dopants donate electrons to BaTiO3 such that the 
Fermi level is lifted into the conduction band. After adsorption of an oxygen molecule, the electrons donated 
by La dopants are transferred to the oxygen molecule, which is evidenced by the conduction band becoming 
unoccupied again as shown in Figure 5.36 (a). This amount of electron transfer is not present for oxygen 
adsorption on a pristine BaTiO3 surface, underpinning the enhancement of the adsorption energy by La 
doping. Figure 5.36 (b) shows that the PDOS of Co and the PDOS of oxygen share the same peak positions 
around Fermi energy, and their magnitudes are both significantly large. This signifies that Co is hybridized 
with the adsorbed oxygen molecule although they are separated by a surface oxygen atom of BaTiO3. The 
hybridization is further confirmed by the fact that a single Kohn-Sham orbital spreading over both the Co 
atom and the oxygen molecule, as shown in the inset of Figure 5.36 (b). Moreover, Figure 5.36 (c-d) 
further display that it is the t2g d orbitals of Co that hybridizes with the oxygen molecule. 
 
Taken together, doping with Co and La dopants dramatically modifies the electronic structure 
of BaTiO3 surface around Fermi energy, which may increase the electrical conductivity. Moreover, 
on the basis of free energy diagram before and after doping, free energy barriers were found to 
decrease after doping with both dopants owing to the change in adsorption energies of the 
intermediates during ORR reaction. As the calculations from both PDOS and free energy diagram 
correlate qualitatively well with the experimental results where the onset potentials, half-wave 
potential, and limiting current density increased when doped by both dopants, the enhanced ORR 
performance after doping could be ascribed to the reduced free energy barrier imposed by the 
formation of -OOH species during ORR reaction as well as the increased conductivity of BaTiO3 
NPs as a result of change in electronic states. 
 
5.4 Conclusion 
In summary, we developed a versatile route to uniform perovskite NPs with precisely 
controlled sizes and compositions (i.e., BaTiO3, PbTiO3, La-doped BaTiO3 and Co-doped BaTiO3) 
via capitalizing on amphiphilic star-like PAA-b-PS diblock copolymers as nanoreactors, and 
correlated the ORR activities to their sizes and compositions. Particularly, the capability of 
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tailoring the NP sizes (i.e., 8, 15 and 20 nm) is rendered by conveniently controlling the ATRP 
reaction time that yields inner PAA blocks of different molecular weights (i.e., lengths) for 
templating the precursors coordination and growth into NPs. Moreover, as-synthesized perovskite 
NPs are intimately ligated with outer PS blocks via original covalent bonding between inner PAA 
and outer PS blocks, leading to good solubility and long-term stability of NPs in various organic 
solvents. Notably, the crystallinity of perovskite NPs could be readily enhanced with the 
morphology retention when annealing as-synthesized NPs dispersed on graphene oxide. 
Investigation into size-dependent electrocatalysis of perovskite NPs reveals a progressively 
increased ORR activity as the NP size decreases. Moreover, the doped BaTiO3 NPs (both La- and 
Co-doped) greatly outperform pristine BaTiO3 NPs even at low dopant concentration, representing 
more positive onset potential and half-wave potential, large limiting current density, and excellent 
stability. The first-principles calculations demonstrate that the enhanced ORR performance of 
BaTiO3 NPs after doping is a synergy of the reduced free energy barrier of the ORR reaction 
because of increased adsorption energy of intermediates and the improved conductivity as a result 
of the modification of electronic states. In addition to size and dopant effects, the influences of 
other possible factors such as the carbon content in catalysts that are generated due to the annealing 
of the outer PS chains at 600 oC in N2 as well as defects (e.g., oxygen vacancies) on the surface of 
catalysts on ORR performance may also need to be considered, which will be carried out. 
In principle, in addition to perovskites, a myriad of other functional nanomaterials (i.e., metal 
oxides, chalcogenides, carbides, nitrides and phosphates) with exquisitely controlled size, 
composition, and surface chemistry (i.e., changing the outer block of star-like diblock copolymer 
to functional polymers other than PS) may also be crafted by our amphiphilic star-like block 
copolymer nanoreactor strategy. Thus, these nanomaterials could render the scrutiny of the 
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correlation of size, composite, and surface chemistry to electrocatalytic performance, thereby 
underpinning future advances in developing a set of highly-active ORR, OER, or bifunctional 
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CHAPTER 6. MONODISPERSE RUDDLESDEN-POPPER LAYERED 
PEROVSKITE NANOCATALYSTS WITH CONTROLLABLE SIZE FOR 
ENHANCED OXYGEN REDUCTION AND EVOLUTION REACTIONS 
Yeu-Wei Harn et al. in preparation (to be submitted to Advanced Materials) 
 
6.1 Introduction 
Oxygen electrode reactions, including oxygen evolution reaction (OER) and oxygen reduction 
reaction (ORR), are ubiquitous in energy conversion and storage devices, while their sluggish 
kinetics and high overpotentials significantly impact the device performance.1-2 Perovskites, as 
noble-metal-free alternatives, have attracted much interest arising from the synergic advantages of 
high intrinsic activities, flexibility in adopting a myriad of composition and structure, 
environmental friendliness, and structural stability.3-4 Among all the identified critical parameters 
affecting the catalytic activity of perovskites, crystal structure is one of the most important 
descriptors as it dominates the electronic structure, and thus the resulting physicochemical 
properties and related performance.5 For instance, single-crystalline SrRuO3 thin films of both 
orthorhombic and tetragonal phases were synthesized. 30% decrease in the overpotential for the 
OER activity of SrRuO3 of tetragonal phase was then discovered, resulting from the phase-
transition-induced modification in the electronic structure.6 Another example lied in LaNiO3. No 
localization of an eg electron was permitted in the bulk of rhombohedral structure whereas a 
localized eg electron was allowed with the surface of tetragonal structure because of different site 
symmetries, rendering completely different electrocatalytic activities.3  
Currently, the research mainly focuses on simple perovskites with the general formula of ABO3, 
where A is a rare earth metal and B is a transition metal. In addition to simple perovskites, layered 
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perovskites (e.g. Ruddlesden-Popper layered perovskites with a general formula of An+1BnO3n+1, 
and double perovskites with a general formula of AA′B2O6 or A2BB′O6) with intriguing structures 
have attracted increasing attention.7-10 They have demonstrated high chemical diffusion and 
surface-exchange coefficient toward ORR,11 mixed ionic-electronic conductivity12 and excellent 
oxygen-ion diffusion as well as proton conductivity,13 which can be beneficial to applications in 
fuel cells,14 rechargeable metal-air batteries,7, 15 and oxygen permeation membranes.16 For 
example, the superior activities and stability of double perovskites (Ln0.5Ba0.5)CoO3- δ (Ln = Pr, 
Sm, Gd and Ho) for OER in alkaline solution were demonstrated, which resulted from the optimum 
location of the O p band center relative to the Fermi level that was identified by the ab initio 
studies.17 On the other hand, La1.7Ca0.3Ni0.75Cu0.25O4 (LCNC), with Ruddlesden-Popper layered 
perovskite structure, revealed a reduced charge overpotential for Li2O2 oxidation by more than 0.4 
V compared to the catalyst (i.e., LCNO)-free carbon electrode, which can be attributed to the 
interlayer characteristics of the layered perovskite structure in facilitating the oxygen evolution 
process.18 In addition, the catalytic activity toward oxygen exchange/reduction of La2NiO4+δ with 
various surface structures was investigated.11 Due to the optimal energetics associated with surface 
oxygen exchange, Ni oxide-terminated La2NiO4+δ with (001) surfaces was identified with the 
highest catalytic activity as well as stability under reaction conditions.11 Nevertheless, the studies 
on bifunctionality (both ORR and OER) over Ruddlesden-Popper layered perovskites, especially 
at low temperature are limited, and most of them focused on nickel oxide-based Ruddlesden-
Popper type materials.11, 19 Particularly, to the best of our knowledge, the electrocatalytic activities 
of cobalt oxides-based materials with Ruddlesden-Popper layered perovskite structure at room 
temperature has yet to be explored.  
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Here, we report a versatile synthetic strategy for crafting lanthanum (La)-based nanoparticles, 
i.e., LaFeO3, LaMnO3 and La2CoO4, with various crystal structures by capitalizing amphiphilic 
star-like diblock copolymers as nanoreactors and introduce the Ruddlesden-Popper layered 
perovskite, La2CoO4, as a highly active and durable bifunctional electrocatalyst for both ORR and 
OER at low temperature. Intriguingly, the synthetic temperature for obtaining pure La2CoO4, 
generally higher than 1000 oC in previous literature,20 can be greatly reduced (to 600 oC when 
annealed with graphene oxide) with our synthetic method. The discrepancy is possibly originated 
from reduced particle size (i.e., > couple hundreds of nm in previously literature compared to < 25 
nm in this study). In addition, by precisely controlling the molecular weight of the inner 
poly(acrylic acid) (PAA) block, the size of the as-synthesized nanoparticles, which occupied the 
compartment of inner PAA block exclusively via strong coordination interaction between 
precursors and the functional group of PAA block, can be facilely tailored. Therefore, this 
nanoreactor-assisted strategy enables the investigation into size-dependent electrocatalytic 
activities of layered perovskite NPs, rendering nanocatalysts with optimized performance. Finally, 
the detailed characterizations suggest that the excellent electrocatalytic performance of La2CoO4 
could possibly be ascribed to highly active lattice oxygen and the increased amount of hydroxyl 
(OH-) groups. By extension, the strategy of exploiting the star-like polymers as nanoreactors can 
provide the opportunities to scrutinize structure-dependent electrocatalytic activities of the 
perovskites and their derivatives with controllable size because of the significantly reduced 
synthetic temperature, thus resulting in high-performance bifunctional nanocatalysts in the field of 





6.2 Experiment Details 
The detailed synthetic processes of star-like PAA-b-PS diblock copolymer nanoreactor as well 
as La-based nanoparticles (LaFeO3, LaMnO3 and La2CoO4 nanoparticles) have been described in 
Chapter 3, 3.1 and 3.2, respectively. Below we just specified the procedure for the 
characterizations used in this study and electrochemical measurements.   
 
6.2.1 Characterization 
Molecular weights of polymers and molecular weight distribution were characterized by gel 
permeation chromatography (GPC), equipped with an Agilent1100 with a G1310A pump, a 
G1362A refractive detector, and a G1314A variable wavelength detector. THF was used as the 
eluent at 1.0 ml/min and 35 oC. By using PS standard samples, one 5 μm LP gel column (500 Å, 
molecular range: 500-2 ×104 g/ mol) and two 5 μm LP gel mixed bed columns (molecular range: 
200-3 × 106 g/mol) were calibrated. Proton nuclear magnetic resonance (1H NMR) 
characterizations were conducted on Varian VXR-300 spectroscopy using CDCl3 as solvent. The 
morphology and size distribution histogram of PS-ligated La-based NPs were measured by 
transmission electron microscope (TEM, JOEL 100; operated at 100 kV). TEM samples were 
prepared by dropping a dilution toluene solution containing La-based NPs onto a carbon-coated 
copper TEM grid (300 mesh) and dried naturally in ambient conditions. Dynamic light scattering 
(DLS) results were obtained using laser light scattering spectrometer (Wyatt DyanoPro) at 25 oC. 
The crystalline structures of La-based perovskite NPs were measured by X-ray powder diffraction 
(XRD, Pananlytic XPert PRO Alpha-1 XRD, Cu Kα radiation (λ = 0.154 nm)). Chemical states 
for the elements of the La-based perovskite NPs were measured by X-ray photoelectron 
spectroscopy (XPS, Thermo K-alpha XPS).  
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6.2.2 Electrochemical Measurements 
    Electrochemical measurements were conducted in a three-electrode system using an Ag/AgCl 
electrode as the reference electrode, graphite rode as the counter electrode, and a glassy carbon 
electrode deposited with the composite of La-based perovskite NPs, rGO and carbon black (CB) 
as the working electrode. The step for preparing inks containing the as-prepared composite was 
described as follows. First, 0.75 mg of catalyst (consisted of La-based perovskite NPs and rGO), 
0.25 mg of CB, and 20 ul of 5 wt% Nafion solution were dispersed in 0.15 ml of 1:1 v/v 
water/ethanol mixed solvent. After sonicating for more than 1 h, 25 μl of the catalyst ink was 
loaded onto glassy carbon electrode by dropping 5 μl at a time 5 times, rendering ~0.156 mg 
loading of the catalyst. The ink was dried slowly in ambient condition, and a uniform catalyst film 
deposited on the electrode surface was then obtained. Notably, the addition of CB when preparing 
the catalyst was due to low conductivity of the annealed composite (consisting of La-based 
perovskite NPs and rGO), possibly due to some rGO losses during the two-step annealing 
condition. Cyclic voltammetry (CV) was first performed with 0.1 M KOH as electrolyte that was 
saturated with oxygen by bubbling O2 prior to the start of each measurement. The working 
electrode was cycled 10 times at a scan rate of 10 mV s-1 before the data was recorded. In control 
experiments, CV measurements were also conducted in N2-saturated environment by switching to 
N2 flow through the electrochemical cell.      
For measuring both oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) 
activities at ambient temperature, rotation disc electrode (RDE) measurements were conducted and 
the same method for preparing the catalyst on working electrode was used. In terms of ORR 
measurements, linear sweep voltammetry (LSV) was recorded in an applied potential between 100 
mV and -1 V vs. Ag/AgCl at a scan rate of 5 mV s-1. During the measurements, a continuous O2 
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flow was supplied to ensure the electrolyte was saturated with O2. The disk rotation rates for the 
ORR ranged from 400 to 1600 rpm. The ORR stability in O2-saturated 0.1 M KOH was performed 
by chronoamperometry (i - t) at 0.75 V. The kinetic parameters in ORR, including the electron 
transfer number (n) and the kinetic current density (Jk) can be obtained by Koutechy-Levich (K-L, 
J-1 vs. ω-1) plot. The slopes of their best linear fit lines were used to calculate the electrons 























𝐽𝐾 = 𝑛𝐹𝑘𝐶0 
where J is the current density of experimental measurement, JK and JL are the kinetic- and 
diffusion-limiting current densities, separately, ω is the angular velocity, n is the electron transfer 
number, F is the Faraday constant (96485 C mol−1), Co is the bulk concentration of O2 in 0.1 M 
KOH electrolyte ( 1.21 × 10−6 mol cm−3 ) D0 is the diffusion coefficient of oxygen ( 1.9 ×
10−5 𝑐𝑚2 s−1), v is the kinematic viscosity of the electrolyte (0.01 𝑐𝑚2 s−1) and k is the electron-
transfer rate constant. 
For OER measurements, which were conducted in 1 M KOH electrolyte, the experimental 
conditions were the same as the ORR measurement except the applied potential range changed 
between 100 mV and 1 V vs. Ag/AgCl. The polarization curves were replotted as applied potential 
(V) vs. log current (log j) to get Tafel plots for quantification of the OER activities of all the La-
based perovskite NPs. The OER stability tests were carried out by recording the corresponding 
LSV before and after 1500 cycles of CV measurements ranging from 0.1 V to 0.9 V vs. Ag/AgCl 
at the scan rate of 200 mV s-1. In this work, all the potentials vs. Ag/AgCl were converted to the 
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reversible hydrogen electrode (RHE) by the equation: 𝐸(𝑅𝐻𝐸) = 𝐸(𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.059 × 𝑝𝐻 +
𝐸0(𝐴𝑔/𝐴𝑔𝐶𝑙) (0.1976 𝑉) 𝑉.  
 
6.3 Results and Discussion 
The synthetic strategy for monodisperse La-based perovskite and layered perovskite 
nanoparticles (NPs), i.e., LaFeO3, LaMnO3 and LaCo2O4 NPs, ligated with outer polystyrene (PS) 
block on the surface via employing amphiphilic star-like poly(acrylic acrylate)-block-PS (denoted 
PAA-b-PS) diblock copolymer as nanoreactor are depicted in Figure 6.1. Amphiphilic star-like 
PAA-b-PS diblock copolymers with varied molecular weights of the inner PAA block can be 
synthesized by atom transfer radical polymerization (ATRP) of tert-butyl acrylate (tBA) and 
styrene, sequentially, capitalizing on brominated β-CD (denoted 21Br- β-CD) as the initiator 
(upper second panel in Figure 6.1), then hydrolysis of the inner PtBA block into PAA. The nearly 
100% esterification efficiency of converting 21 hydroxyl groups of β-CD into Br-containing sites 
was verified by proton nuclear magnetic resonance (1H NMR, Figure 6.2 (a)). Successful ATRP 
of both tBA and styrene with tailorable molecular weight and narrow molecular weight distribution 
was confirmed by both 1H NMR (Figure 6.2 (b, c)) and monomodal gel permeation 
chromatography (GPC, Figure 6.3) traces. The tert-butyl substituents of the inner PtBA block can 
be easily hydrolyzed by using trifluoroacetic acid, yielding star-like PAA-b-PS diblock copolymer. 
DLS results exhibited uniform sizes of the amphiphilic star-like PAA-b-PS diblock copolymers, 
and the size gradually increased as the molecular weight of the star-like polymer increased (Figure 
6.4), rendering star-like PAA-b-PS diblock copolymers excellent nanoreactors for forming 




Figure 6.1 Stepwise representation of synthetic route to PS-ligated La-based perovskite and layered 





Figure 6.2 1H NMR spectra of  (a) brominated β-CD (denoted 21Br-β-CD). (b) Star-like poly(tert-butyl 
acrylate) (PtBA) homopolymer and (c) star-like poly(tert-butyl acrylate)-block-polystyrene (denoted PtBA-





Figure 6.3 (a) GPC results of three star-like PtBA homopolymers, corresponding to the inner PtBA block 
of Sample 1-3 in Table 6.1, respectively. (b) GPC results of three star-like PtBA homopolymer (solid line) 
and three star-like PtBA-b-PS diblock copolymer (dash line), corresponding to Sample 1-3 in Table 6.1, 
respectively. Curve with the same color in (b) (between solid line and dash line) indicates the second PS 
block was grown from the corresponding inner PtBA block.   
 
 
Figure 6.4 Dynamic light scattering (DLS) characterization on a series of star-like PtBA-b-PS diblock 
copolymers in diphenyl ether (DPE). The histogram in blue, orange, and green color represents the radius 
distribution of Sample 1-3 listed in Table 6.1, respectively.  
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The resulting star-like PAA-b-PS diblock copolymers can be employed as nanoreactors for 
crafting of monodisperse, PS-ligated perovskite and layered perovskite NPs, including LaFeO3 
and LaMnO3 with perovskite structure and La2CoO4 with Ruddlesden-Popper layered perovskite 
structure (see Experimental Section for more synthetic details). In brief, star-like diblock 
copolymer and precursors (for both La and corresponding transition metal) were first dissolved in 
reaction solvent (i.e., diphenyl ether). Sufficient stirring time of this solution was required to 
ensure metal moieties of precursors coordinated with the carboxylic acid groups (-COOH) of inner 
PAA block selectively and the hydrophilic PAA regime was fully occupied by the precursors. The 
high concentration of precursors within PAA compartment can thus facilitate the nucleation and 
growth of the NPs during NPs formation via thermolysis (lower left panel in Figure 6.1). Notably, 
this nanoreactor-assisted synthetic strategy is advantageous in two aspects. First, since the 
precursors and thus the as-synthesized NPs were confined within the inner PAA block, the 
diameter of the perovskite and layered perovskite NPs can be easily tuned by changing the 
molecular weight of the inner PAA block of the star-like PAA-b-PS diblock copolymer (the 
detailed information of star-like PtBA homopolymer, star-like PtBA-b-PS diblock copolymer and 
the average diameter of the resulting NPs grown using the respective nanoreactors were shown in 
Table 6.1). Second, the as-synthesized NPs had less tendency to aggregate and good solubility in 
various common organic solvents because the surface of the NPs was intimately and permanently 




Table 6.1 Summary of star-like PtBA homopolymers, star-like PtBA-b-PS diblock copolymers, 
hydrodynamic radii of the star-like PAA-b-PS diblock copolymers and the sizes of La-based perovskite and 
layer perovskite nanoparticle by employing the corresponding star-like PAA-b-PS diblock copolymers as 
nanoreactors 





















Sizes of NPsg 
1 84K 5,000 219K 4,000 1.16 9.7 nm 8.5 ± 0.8 nm 
(La2CoO4) 
2 167K 5,900 342K 4,400 1.15 14.8 nm 16.2 ± 1.4 nm  
(LaFeO3) 
16.7 ± 1.3 nm 
(LaMnO3) 
17.1 ± 1.5 nm 
(La2CoO4) 
3 239K 6,500 413K 4,500 1.13 23.9 nm 22.1 ± 2.2 nm 
(La2CoO4) 
Notes: a Number-average molecular weight, Mn, GPC of star-like PtBA homopolymer determined by GPC, 
calibrated by PS standards. b Mn of each PtBA arm calculated from 1H NMR data (Figure S1b) based on 





where Ab and Aa are the integral area of the methyl protons in the tert-butyl group of PtBA chains and the 
integral area of methyl protons at the α-end of PtBA chains, separately, and 128.17 is the molecular weight 
of the tBA monomer. c Number-average molecular weight, Mn, GPC of star-like PtBA-b-PS diblock 
copolymer determined by GPC. d Mn of each PS arm calculated from 1H NMR data (Figure 6.2 (c)) based 





where Ag and Aa are the integral area of phenyl protons on the PS block and the integral area of methyl 
protons at the α-end of the diblock arm, respectively, and 104.15 is the molecular weight of St monomer. e 
Polydispersity (PDI) was recorded by GPC. f The hydrodynamic radii were obtained by dynamic light 
scattering (DLS) measurement (Figure 6.4). g The size of NPs is statistically averaged over 100 NPs in 





Representative transmission electron microscopy (TEM) images of three La-based NPs, 
namely LaFeO3, LaMnO3 and La2CoO4 NPs with an average diameter of 16.2 ± 1.4 nm, 16.7 ± 
1.3 nm and 17.1 ± 1.5 nm, are shown in Figure 6.5 (a), (c), and (e), respectively. The size 
distribution histograms of each kind of NP are demonstrated in Figure 6.5 (b, d, f), for LaFeO3, 
LaMnO3 and La2CoO4 NPs, separately, indicating the as-synthesized NPs are remarkably uniform. 
All three kinds of La-based NPs were crafted by exploiting the same star-like PAA-b-PS diblock 
copolymer as nanoreactor (Sample 2 in Table 6.1). The similarity in the average sizes of three La-
based NPs further verified the effectiveness of this synthetic strategy to yield a rich diversity of 
uniform NPs with dimensions that can be precisely tailored. Moreover, owing to the ligated PS 
block on the surface, the raw solution can be purified via a simple precipitation-dissolution process, 
confirmed by monodisperse NPs without aggregation or impurities in the TEM images. To further 
substantiate the function of star-like diblock copolymer nanoreactors during the formation of NPs, 
control experiments were conducted by the same synthetic conditions except no nanoreactor was 
introduced. Only big aggregations and matrix-like products, both with irregular morphology, were 
found in the TEM images (Figure 6.6) because ligands for preventing aggregation were lacking. 





Figure 6.5 TEM images of as-synthesized, PS-ligated La-based perovskite and layered perovskite 
nanoparticles of (a) LaFeO3, (c) LaMnO3 and (e) La2CoO4, crafted by employing star-like PAA-b-PS 
diblock copolymer (Sample 2 listed in Table S1) as nanoreactor. (b, d, f) Size distribution histogram of the 
corresponding nanoparticles, measured by calculating the diameter of 100 NPs with ImageJ from the TEM 




Figure 6.6 Representative TEM images of the control sample, i.e., La-based perovskite and layered 
perovskite synthesized under the same experimental condition yet without the addition of star-like PAA-b-
PS diblock copolymer nanoreactor. 
 
Figure 6.7 depicts the representative X-ray diffraction (XRD) spectrum of all three kinds 
of La-based perovskite and layered perovskite NPs, i.e., LaFeO3 (Figure 6.7 (a)), LaMnO3 (Figure 
6.7 (b)) and La2CoO4 (Figure 6.7 (c)), respectively. All three XRD profiles of the as-synthesized 
NPs were found with low crystallinity, suggesting the reaction temperature for NPs synthesis (i.e., 
~250 oC) was not high enough for complete thermolysis of the precursors. Therefore, further 
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annealing process was required to obtain the product with high purity and enhanced crystallinity. 
To maintain the uniformity and high-dispersity characteristics of the as-synthetized NPs, the PS-
ligated La-based NPs were mixed with graphene oxide (GO, Figure 6.8 (a-b)) with the 
predetermined weight ratio between the two before annealing. Thorough stirring before subjected 
to annealing condition was necessary to ensure those as-synthesized NPs dispersed well, with 
certain NP-NP distance, on GO. Before annealing, two weight ratios between as-synthesized NPs 
and GO (i.e., 1 to 1 (Figure 6.8 (c-d)) and 2 to 1 (Figure 6.8 (e-f))) were performed to decide the 
optimal condition for the following characterization and properties investigation. Particularly, 
despite a closer distance between NPs after annealing with the 2 to 1 weight ratio, disperse NPs 
with similar size compared to that before annealing can be observed in both ratios after annealing 
(Figure 6.8 (g-h)). We thus chose the weight ratio of 2 to 1 for the annealing and properties 
measurements afterward. The crystallinities were significantly improved for all the La-based NPs 
and GO was converted into reduced graphene oxide (rGO) after the two-step annealing process, 
(i.e., 350 oC in air, followed by 600 oC in N2, see Experimental Section for more details.), 
substantiated by the appearance of the obvious characteristic diffraction peaks from XRD spectra 
(black curve in Figure 6.7 (a-c)). The XRD diffraction patterns can be identified as LaFeO3 with 
orthorhombic structure, LaMnO3 with rhombohedral structure and La2CoO4 with orthorhombic 
structure, respectively, all consistent with the corresponding standard XRD profiles and/or 




Figure 6.7 XRD patterns of PS-ligated (a) LaFeO3 and (b) LaMnO3 perovskite nanoparticles as well as (c) 
La2CoO4 layered perovskite nanoparticles. All the nanoparticles are synthesized by employing Sample 2 
listed in Table 6.1 as nanoreactor. Two curves in each figure represent the XRD results of as-synthesized 
nanoparticles (black curve), and nanoparticles after annealing (red curve). Each XRD spectrum is consistent 
with the corresponding reference pattern (green line) of LaFeO3 (JCPDS no. 37-1459), LaMnO3 (JCPDS 





Figure 6.8 TEM images of (a, b) pure graphene oxide (GO), GO mixed with as-synthesized La-based 
nanoparticle with (c, d) less nanoparticle concentration (1:1 weight ratio between La-based nanoparticle 
and GO) and (e, f) more nanoparticle concentration (2:1 weight ratio between La-based nanoparticle and 
GO) before annealing. Composite of reduced graphene oxide (rGO) with corresponding (g) 1:1 weight ratio 
and (h) 2:1 weight ratio after two-step annealing. Note that here we used as-synthesized LaMnO3 perovskite 
nanoparticles, prepared by employing Sample 2 in Table 6.1, as an example. The black spots in (a) and (b) 
were the folds of GO. Similar images were observed in all three kinds of La-based perovskite and layered 
perovskite nanoparticles.  
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We noted that because of varied hydrolysis or thermolysis rate for the system with two or 
more precursors, impurities were frequently observed by the appearance of additional peaks in the 
XRD profiles and may eventually lead to low mass activities.22 Here, impurities from single oxide 
(i.e., MnO2 and La2O3, pointed out by arrows in Figure 6.9) appeared when the molar ratio 
between La precursor and Mn precursor was 0.5:1 and 0.75:1, respectively, possibly due to 
different coordination interaction ability between two metal moieties and the functional group of 
inner PAA block. Nevertheless, PS-ligated LaMnO3 perovskite NPs without impurities can be 
obtained when the molar ratio between the two precursors was chosen properly (i.e., 0.63:1, the 
orange curve in Figure 6.9) because different coordination interactions can thus be compensated, 
rendering opportunities for achieving phase-pure materials with two or more precursors. On the 
other hand, PS-ligated layered La2CoO4 perovskite NPs, instead of LaCoO3 NPs with perovskite 
structure, were obtained despite same experimental conditions for synthesizing LaFeO3 and 
LaMnO3 was used. Further changing the molar ratio between the two precursors (Figure 6.10 (a)) 
and annealing conditions (i.e., various annealing times in air as well as various annealing 
temperatures in N2, Figure 6.10 (b)) cannot convert layered perovskite structure into perovskite 
structure. The reason for the presence of layered perovskite structure is unclear, while we can 
conclude that under the synthetic parameters we tried, LaCoO3 NPs with perovskite structure 
cannot be attained. Intriguingly, the La-Co-O phase diagram showed that layered La2CoO4 
perovskite structure did not appear at the synthetic temperature lower than 1700 oC.23 In addition, 
the synthesis of Ruddlesden-Popper layered perovskites was typically performed or in combination 
with high-temperature treatments above 1000 oC, according to other reports.24 Therefore, the 
reaction temperature for acquiring layered La2CoO4 perovskite NPs can be remarkably reduced 




Figure 6.9 XRD results of LaMnO3 perovskite nanoparticles with varied molar ratio between La and Mn 
in precursors after two-step annealing. 
 
 
Figure 6.10 XRD results of La2CoO4 perovskite nanoparticles after two-step annealing with (a) varied 
molar ratio between La and Co precursors, and (b) different annealing procedures. The number in (b) 
represented the complete annealing process. For example, 350C-5 h-600C-2 h (black curve) indicated that 
sample was annealed in air at 350 oC for 6 h, followed by annealed in N2 at 600 oC for 2 h.   
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Figure 6.11 (a-c) displays the X-ray photoelectron spectroscopy (XPS) survey spectra of 
LaFeO3, LaMnO3 and La2CoO4 after annealing, respectively. Specifically, the high-resolution 
spectra of individual elements of layered La2CoO4 perovskite NPs after annealing, including La 
3d, Co 2p and O 1s are presented in Figure 6.12. The binding energies of 835 eV and 851 eV are 
attributed to La3+ 3d5/2 and La
3+ 3d3/2, separately, while those of 839 eV and 856 eV are identified 
as satellite peaks (Figure 6.12 (a)).25 In terms of Co 2p, the XPS result can be deconvoluted into 
four peaks, with binding energies of Co2+ 2p3/2 and Co
2+ 2p1/2 peaks located at 781 eV and 797 eV 
as well as satellite peaks located at 787 eV and 803 eV (Figure 6.12 (b)).26 Finally, Figure 6.12 
(c) depicts the O 1s XPS spectrum, which can be deconvoluted into three characteristic peaks, 
including lattice oxygen species (~529.5 eV for O2-), hydroxyl groups (~531.5 eV for OH-), as 
well as adsorbed molecular water (~533 eV for H2O), consistent with previously reported values.
1, 
4 The relative content of these species is known to influence the electrocatalytic activity, which 
will be discussed in the following paragraphs. Similar XPS results of La and O elements were 
found in LaFeO3 (Figure 6.13 (9a, c)) and LaMnO3 (Figure 6.14 (a, c)) after annealing. 
Additionally, the XPS profiles for Fe (Figure 6.13 (b)) and Mn (Figure 6.14 (b)) verified both 




Figure 6.11 XPS full spectra of (a) LaFeO3, (b) LaMnO3 and (c) La2CoO4 nanoparticles after two-step 
annealing, respectively. All the nanoparticles measured are crafted via employing Sample 2 in Table 6.1 





Figure 6.12 (a) La 3d, (b) Co 2p and (c) O 1s XPS spectra of La2CoO4 nanoparticles after annealing, crafted 




Figure 6.13 (a) La 3d, (b) Fe 2p, and (c) O 1s XPS spectra of LaFeO3 nanoparticles after two-step annealing, 





Figure 6.14 (a) La 3d, (b) Mn 2p, and (c) O 1s XPS spectra of LaMnO3 nanoparticles after two-step 




The ORR and OER performance of La-based perovskite and layered perovskite NPs 
dispersed on rGO with the addition of carbon black (CB) were investigated by using rotating disk 
electrode (RDE) measurements in 0.1 M KOH and 1 M KOH solution, respectively (see 
Experimental Section for more details). Figure 6.15 shows the ORR polarization curves of LaFeO3, 
LaMnO3 and La2CoO4 NPs. Among the three, La2CoO4 NPs exhibit the best activity (Figure 6.15 
(a-b), Figure 6.16 (a), and Figure 6.17 (a)), with more positive onset potential, half-wave 
potential and larger limiting current density. For instance, La2CoO4 NPs show the highest half-
wave potential for the ORR at 0.716 V, followed by LaMnO3 (0.665 V) and LaFeO3 (0.616 V). In 
addition, the largest limiting current density of La2CoO4 (-6.21 mA cm
-2), compared to those of 
LaMnO3 (-5.75 mA cm
-2) and LaFeO3 (-4.1 mA cm
-2), can further confirm its excellent ORR 
performance. Notably, the small contributions of bare glassy carbon (GC) electrode, rGO and CB 
to both ORR and OER activities (Figure 6.18) indicates the observed electrocatalytic performance 
was dominated by La-based perovskite and layered perovskite NPs. To explore the kinetic of 
LaFeO3, LaMnO3 and La2CoO4 NPs, the rotating-disk measurements with various rotation rates 
were carried out (Figure 6.16 (b), Figure 6.17 (b), and Figure 6.15 (c), respectively), and the 
corresponding electron transfer number (n) was analyzed from the slopes of Koutechy-Levich 
plots at different potentials (Figure 6.15 (d)). As a result, the electron transfer numbers of LaFeO3 
and LaMnO3 NPs are 2.69 and 3.77, respectively, while La2CoO4 NPs still exhibit the highest 
electron transfer number, i.e., 4.16, favoring a 4e ORR pathway process. The 4e pathway is 
generally preferred since it can achieve ORR catalytic activity with high efficiency in 
electrochemical energy conversion systems, and most of the reacted oxygen is reduced to H2O.
8 
Finally, the comparisons of ORR performance, including limiting current density, the potential 
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applied at -1 mA cm-2, as well as electron transfer number (n), between three La-based perovskite 
and layered perovskite NPs are summarized in Figure 6.19.  
 
 
Figure 6.15 (a)  Cyclic voltammetry (CV) scans of LaFeO3, LaMnO3 and La2CoO4 nanoparticles on glassy 
carbon electrodes in 0.1 M KOH solution saturated with N2 (dash line) and O2 (solid line) at a scan rate of 
5 mV/s. (b) The oxygen reduction reaction (ORR) polarization curves on rotating disk electrode with 
LaFeO3, LaMnO3 and La2CoO4 nanoparticles in O2-saturated 0.1 M KOH solution at a scan rate of 5 mV/s 
and a rotation rate of 1600 rpm. (c) Polarization curves of ORR with La2CoO4 nanoparticles at a scan rate 
of 5 mV/s and various rotation rates, ranged from 400-1600 rpm. (d) Koutechy-Levich plots of LaFeO3, 
LaMnO3 and La2CoO4 nanoparticles at different potentials. All the nanoparticles measured were 





Figure 6.16 (a) CV of LaFeO3 nanoparticles in oxygen- (red) and nitrogen- (black) saturated 0.1 M KOH 
solution. (b) Polarization curves of ORR with LaFeO3 nanoparticles in O2-saturated 0.l M KOH at a scan 
rate of 5 mV/s and various rotation rates, ranged from 400-1600 rpm. (c) Oxygen evolution current of 
LaFeO3 nanoparticles in O2-saturated 1 M KOH at a scan rate of 5 mV s-1 and a rotation rate of 1600 rpm. 




Figure 6.17 (a) CV of LaMnO3 nanoparticles in oxygen- (red) and nitrogen- (black) saturated 0.1 M KOH 
solution. (b) Polarization curves of ORR with LaMnO3 nanoparticles in O2-saturated 0.l M KOH at a scan 
rate of 5 mV/s and various rotation rates, ranged from 400-1600 rpm. (c) Oxygen evolution current of 
LaMnO3 nanoparticles in O2-saturated 1 M KOH at a scan rate of 5 mV s-1 and a rotation rate of 1600 rpm. 




Figure 6.18 (a) Oxygen reduction current and (b) oxygen evolution current of glassy carbon (GC) electrode, 




Figure 6.19 Comparison of oxygen reduction reaction activities of three La-based perovskite and layered 
perovskite nanoparticles of (a) limiting current density, (b) the potential at which current density = -1 mA 




For OER, the layered La2CoO4 perovskite NPs demonstrates superior OER activity 
compared to other La-based perovskite NPs, revealed by significantly higher limiting current 
density and lower overpotential (Figure 6.20 (a), Figure 6.16 (c), and Figure 6.17 (c)). Typically, 
the potential required for obtaining the current density of 10 mA cm-2 is 1.68 V for La2CoO4, which 
is lower than that of LaFeO3 (1.93 V) and LaMnO3 (1.85 V). In the OER Tafel plot (Figure 6.20 
(b)), the Tafel slope of La2CoO4 NPs (90 mV decade
-1) is substantially lower than that of the other 
two (278 mV decade-1 for LaFeO3 and 208 mV decade
-1 for LaMnO3, respectively), indicating the 
excellent catalytic activity of layered La2CoO4 perovskite NPs to drive the OER kinetics at a lower 
overpotential. The increasing current density at specific applied potential (i.e., 1.8 V) and 
decreasing Tafel slope, following the order of LaFeO3, LaMnO3 and La2CoO4 NPs are summarized 
in Figure 6.20 (c). Moreover, the bifunctional electrocatalytic activity of all three La-based NPs 
was measured and evaluated by subtracting the potential at -3 mA cm-2 for the ORR (EORR) from 
the potential at 10 mA cm-2 for the OER (EOER).
1, 5 The smaller difference (ΔE) between the two 
values suggests a more enhanced electrocatalytic activity for the reversible oxygen electrodes. The 
ΔE values of the perovskite and layered perovskite NPs are 1.48, 1.2, and 0.96 V for LaFeO3, 
LaMnO3 and La2CoO4 NPs, respectively (Figure 6.20 (d)), suggesting that not only layered 
La2CoO4 perovskite NPs is the electrocatalyst with the best performance among the three La-based 
NPs, but this excellent bifunctionality is also comparable with those well-recognized and 
extensively-studied perovskite-based catalysts, such as (un)doped La-based perovskites, 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ, NdBa0.5Sr0.5Co1.5Fe0.5O5+δ, GdBa0.5Sr0.5Co1.5Fe0.5O5+δ, etc. as reported 




Figure 6.20 (a) The oxygen evolution reaction (OER) polarization curves of LaFeO3, LaMnO3 and 
La2CoO4 nanoparticles in 1 M KOH solution at a scan rate of 5 mV/s and a rotation rate of 1600 rpm, and 
(b) the corresponding Tafel plots. (c) The relationship between OER activity (solid line); Tafel slope 
(dashed line) and the type of electrocatalyst (i.e., LaFeO3, LaMnO3 and La2CoO4 nanoparticles). (d) 
OER/ORR polarization curves for LaFeO3, LaMnO3 and La2CoO4 nanoparticles. All the nanoparticles 





Table 6.2 The bifunctionality comparison among the layered La2CoO4 perovskite catalysts and the 
previously reported bifunctional electrocatalysts.  
Oxygen Catalysts EORR at 3 mA cm-2 
(V vs. RHE) 
 
EOER at 10 mA cm-2 
(V vs. RHE) 




(D = 8.5 nm) 
0.77 vs. RHE 1.65 vs. RHE 0.88 This work 
La2CoO4 
(D = 17.1 nm) 
0.72 vs. RHE  1.68 vs. RHE 0.96 This work 
La2CoO4 
(D = 22.1 nm) 
0.63 vs. RHE 
 
1.69 vs. RHE 1.06 This work 
LaNiO3-δ -0.40 vs. Ag/AgCl -0.76 vs. Ag/AgCl 1.16 5 
LaNiO3 0.64 vs. RHE 1.66 vs. RHE 1.02 6 
LaNiO3 0.77 vs. RHE 1.74 vs. RHE 0.97 7 
LaNiO3 0.64 vs. RHE 1.67 vs. RHE 1.03 8 
LaNi0.8Fe0.2O3 0.40 vs. SCE 0.67 vs. SCE 1.07 9 
La0.95FeO3 0.58 vs. RHE @ 
1 mA cm-2 
1.64 vs. RHE 1.06 10 
LaTi0.65Fe0.35O3-δ 0.72 vs. RHE 1.77 vs. RHE 1.05 11 
LaCoO3 0.64 vs. RHE 1.64 vs. RHE 1.00 12 
LaCoO3 0.594 vs. RHE @ 1 
mA cm-2 
1.657 vs. RHE 1.063 13 
La0.95CoO3-δ 0.635 vs. RHE @ 
1 mA cm-2 
1.639 vs. RHE 1.004 13 
La0.9CoO3-δ 0.662vs. RHE @ 
1 mA cm-2 
1.610 vs. RHE 0.948 13 
La0.5Sr0.5CoO3-δ 0.76 vs. RHE 1.83 vs. RHE 1.07 14 
La0.5Sr0.5Co0.8Fe0.8O3 0.41 vs. SCE 0.78 vs. SCE 1.19 15 
La0.8Sr0.2MnO3 -0.13 vs. Ag/AgCl 
@ 
1 mA cm-2 
0.95 vs. Ag/AgCl 1.08 16 
La0.58Sr0.5Co0.8Fe0.8O3-δ 0.77 vs. RHE 1.68 vs. RHE 0.91 17 
CaMnO3 0.72 vs. RHE 1.89 vs. RHE 1.17 18 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
(BSCF) 
0.641 vs. RHE 1.625 vs. RHE 0.984 19 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
(BSCF) 
0.619 vs. RHE 1.681 vs. RHE 1.062 20 
NdBa0.5Sr0.5Co1.5Fe0.5O5+δ 
(NBSCF) 
0.651 vs. RHE 1.624 vs. RHE 0.973 20 
NdBa0.5Sr0.5Co1.5Fe0.5O5+δ 
(NBSCF) 
0.653 vs. RHE 1.604 vs. RHE 0.951 19 
Nd1.5Ba1.5CoFeMnO9-δ 
(NBCFM) 





0.649 vs. RHE 1.637 vs. RHE 0.988 20 
GdBa0.5Sr0.5Co1.5Fe0.5O5+δ 
(GBSCF) 
0.648 vs. RHE 1.655 vs. RHE 1.007 20 
MnCoFeO4 0.78 vs. RHE 1.78 vs. RHE 0.93 21 
Pt/C 0.97 vs. RHE 2.19 vs. RHE 1.22 17 
20 wt% Pt/C 0.86 vs. RHE 2.02 vs. RHE 1.16 22 
IrO2 0.38 vs. RHE 1.70 vs. RHE 1.32 17 
20 wt% Ir/C 0.69 vs. RHE 1.61 vs. RHE 0.92 22 
20 wt% RuO2/C 0.68 vs. RHE 1.62 vs. RHE 0.94 21 
20 wt% Ru/C 0.61 vs. RHE 1.62 vs. RHE 1.01 22 
 
The long-term stability of catalysts is essential for potential applications as electrochemical 
devices. Here, layered La2CoO4 perovskite NPs, exhibiting the best ORR and OER performance, 
was chosen for further stability study. First, the stability of the layered La2CoO4 perovskite NPs 
was explored by continuous chronopotentiometric response as a function of time, which was 
measured at 1.75 mA cm-2 for ORR at a rotation rate of 1600 rpm for ~42000 s (11.7 h). As shown 
in Figure 6.21 (a), layered La2CoO4 perovskite NPs exhibits a relatively stable ORR activity, 
although a slight increase of the overpotential can be observed during the testing. In terms of OER, 
the stability of layered La2CoO4 perovskite NPs was measured by cyclic voltammetry under 
accelerated degradation conditions in the potential regime of 0.1 V to 0.9 V (vs. Ag/AgCl) at a 
scan rate of 200 mV s-1 under oxygen atmosphere. The OER stability can be evaluated by the 
increment of potential at 10 mA cm-2 from OER linear sweep voltammetry (LSV) curves after 
cycling 1500 times (Figure 6.21 (b)). From the inset of Figure 6.21 (b), we can observe that 
layered La2CoO4 perovskite NPs only demonstrate 2.1 mV difference in potential, which is 
significantly smaller than the commonly-seen difference (i.e., tens of mV) with similar cycling 
times of perovskite-based catalysts.33-34 All the ORR and OER activities in conjunction with the 
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long-term stability analyses substantiated the great promising of layered La2CoO4 perovskite NPs 
as a high-performance and stable bifunctional catalyst for both ORR and OER.   
 
 
Figure 6.21 (a) ORR chronopotentiometric response of La2CoO4 nanoparticles at the applied potential of 
0.75 V (vs. RHE) in O2-saturated 0.1 M KOH. (b) OER linear sweep voltammetry (LSV) curves of La2CoO4 
nanoparticles before and after CV cycling of 1500 cycles within the potential range of 0.1 V to 0.9 V (vs. 
Ag/AgCl) in O2-saturated 1 M KOH. Both tests were performed at a rotation speed of 1600 rpm. All the 
nanoparticles measured were synthesized by employing Sample 2 listed in Table 6.1 as nanoreactor.    
 
Elucidating the mechanisms attributed to the superior bifunctional electrocatalytic 
performance (especially the OER activity) of layered La2CoO4 perovskite catalysts is crucial for 
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designing the optimized materials. The excellent electrocatalytic performances may be originated 
from two principal reasons: highly active lattice oxygen and the increased number of the hydroxyl 
species (OH-).1, 8, 20, 35 First, it was reported that when shifting the oxygen p band closer to the 
Fermi level, which was accompanied by a reduced energy gap between the metal 3d and O 2p 
band centers and thus a stronger covalency of the metal-oxygen bond, the redox activity of the 
lattice oxygen can be triggered to increase the ORR and OER activities of perovskites.35-36 
Moreover, since the OER mechanism may change from concerted proton-electron transfer steps 
to non-concerted proton-electron transfer steps when lattice oxygen participated in the reaction, 
the transition from pH-independent to pH-dependent OER kinetics can be observed 
experimentally.37-40 For instance, less-covalent LaCoO3 exhibited pH-independent OER behavior 
(i.e., approximately unchanged OER currents when pH increased from 12.5 to 14), while highly-
covalent SrCoO3-δ exhibited pH-dependent OER behavior, (i.e., increased OER currents by one 
order when pH increased from 12.5 to 14).36 Based on this mechanism, one of the reasons for the 
enhanced catalytic activities of a series of Ruddlesden-Popper catalysts was attributed to the 
involvement of lattice oxygen to prompt the redox activity. In addition, layered La2CoO4 
perovskite, among all the doped and undoped Ruddlesden-Popper layered perovskites measured, 
rendered the lattice oxygen with the highest activity because of the enlarged critical radius (rc) of 
the opening space within lattice for oxygen, which can be beneficial to ORR/OER activities.20 In 
our study, we thus propose the lattice oxygen of layered La2CoO4 perovskite NPs is activated for 
boosting both ORR and OER activity, substantiated by pH-dependent OER performance (Figure 
6.22). OER current density from LSV measurement was observed to increase with increased pH 
significantly only for layered La2CoO4 perovskite NPs, while remaining unchanged (or slightly 
increase) for both LaFeO3 and LaMnO3 perovskite NPs (Figure 6.22 (a)). Figure 6.22 (b) further 
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depicts the current density at 1.8 V (vs. RHE) as a function of pH (between pH = 13 and 14), 
exhibiting obviously different dependence of OER activity on pH of the electrolyte. These results 
verified the occurrence of transition between different reaction mechanisms due to the 
participation of lattice oxygen. Second, since the rate-limiting step of the OER and ORR is often 
identified as the OH- adsorption and desorption on the surface of the catalysts, the increased OH- 
species at the surface of the catalyst can enhance both electrocatalytic activities in alkaline 
solution.1, 7-8, 27 Furthermore, the concentration of OH- species is heavily affected by the chemical 
properties of the catalysts’ surface.8 Here, the abundance of surface OH- species of three La-based 
perovskite and layered perovskite NPs was assessed by XPS. Figure 6.23 (a-c) shows the O 1s 
XPS spectrum of LaFeO3, LaMnO3 and La2CoO4 NPs synthesized via employing Sample 2 in 
Table 6.1 after annealing, respectively. All the O 1s spectra are deconvoluted into three 
components as mentioned earlier, with the peak located at 531.5 eV for OH-, specifically. 
Obviously, layered La2CoO4 perovskite NPs demonstrates the highest value of 4.23 for the ratio 
of OH-/O2- as compared to the other two La-based perovskite NPs (LaFeO3, 3.2 and LaMnO3, 0.95, 
Figure 6.23), which may be responsible for the higher reaction rate of layered La2CoO4 perovskite 




Figure 6.22 pH-dependent OER activity of La-based perovskite and layered perovskite nanoparticles (a) 
OER linear sweep voltammetry (LSV) from O2-saturated 0.1 M KOH (pH = 13) to 1 M KOH (pH = 14) 
recorded at a scan rate of 5 mV s-1 and a rotation rate of 1600 rpm. (b) OER activity at 1.8 V vs. RHE as a 










In addition to different compositions, the dependence of electrocatalytic activity on the size 
of the catalysts was investigated, enabled by the capability of this star-like nanoreactor synthetic 
strategy to precisely tailor the size of the as-synthesized NPs. Figure 6.24 (a, c, e) exhibits the 
representative TEM images of PS-ligated La2CoO4 NPs of different sizes synthesized by 
capitalizing different star-like PAA-b-PS diblock copolymers as nanoreactors (i.e., Sample 1-3 in 
Table 6.1). Their corresponding average diameters are 8.5 ± 0.8 nm (using Sample 1 as 
nanoreactor), 17.1 ± 1.5 nm (using Sample 2 as nanoreactor) and 22.1 ± 2.2 nm (using Sample 3 
as nanoreactor), which can be found from the respective NP size distribution histogram in Figure 
6.24 (b, d, f). The narrow average size distribution can verify the robustness of this synthetic 
strategy for tuning the size of the resulting NPs. In particular, we synthesized the catalysts of the 
best ORR and OER performance (i.e., La2CoO4), among the three La-based catalysts, with varied 
sizes to explore if we can further improve the activity by changing the size of the catalysts. Figure 
6.25 demonstrates the size effect of the layered La2CoO4 perovskite NPs on both ORR (Figure 
6.25 (a)) and OER (Figure 6.25 (b)) activities, which have been limitedly-studied due to the 
difficulty for obtaining layered perovskites with well-controlled dimension. Enhanced ORR 
activities (i.e., more positive half-wave potential and larger limiting current density) and OER 
activities (smaller overpotential and larger limiting current density) were discovered when the size 
of the catalyst decreased. Layered La2CoO4 perovskite NPs with the smallest size (D = 8.5 nm) 
therefore shows the best bifunctional electrocatalytic activities among all three sizes, represented 
by continuously-decreasing ΔE values from 1.06 (with La2CoO4 of D = 22.1 nm ± 2.2 nm), 0.96 
(with La2CoO4 of D = 17.1 nm ± 1.5 nm) to 0.88 (with La2CoO4 of D = 8.5 nm ± 0.8 nm) (Figure 
6.26). The improved ORR and OER performance as the size decreased can be originated from 
larger surface area, thus more active sites for electrocatalytic reactions,41-42 as well as possibly 
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improved electroconductivity of the catalysts.43 Finally, summaries of bifunctional oxygen 
electrode activity of varied compositions (i.e., LaFeO3, LaMnO3 and La2CoO4 NPs with similar 
size, D = 16-17 nm) and varied sizes (i.e., La2CoO4 NPs of 8.5, 17.1 and 22.1 nm) are provided in 




Figure 6.24 TEM images of as-synthesized PS-ligated layered perovskite La2CoO4 nanoparticles with the 
average diameter of (a) 8.5 nm, (c) 17.1 nm and (e) 22.1 nm, which were synthesized by employing 
respective star-like PAA-b-PS diblock copolymers as nanoreactors (i.e., Sample 1-3 in Table 6.1). (b, d, f) 
Size distribution histogram of corresponding PS-ligated La2CoO4 nanoparticles, measured by calculating 
the diameter of 100 NPs with ImageJ from the TEM images. The crystallinity of all the particles was 




Figure 6.25 (a) The ORR polarization curves of La2CoO4 nanoparticles with varied sizes in O2-saturated 
0.1 M KOH solution. (b) The OER polarization curves of  La2CoO4 nanoparticles with varied sizes in 1 M 
KOH solution. Both tests were conducted at a scan rate of 5 mV/s and a rotation rate of 1600 rpm. The 
measured La2CoO4 nanoparticles of 8.5 nm, 17.1 nm and 22.1 nm were synthesized by employing 






Figure 6.26 OER/ORR polarization curves for smallest-sized LaCo2O4 nanoparticles (D = 8.5 nm) catalyst. 
The nanoparticles measured were crafted via employing Sample 1 in Table 6.1 as nanoreactor.  
 
 
Figure 6.27 Oxygen electrode activities (EOER-EORR) of catalysts with (a) varied compositions, i.e., LaFeO3, 
LaMnO3, and La2CoO4 nanoparticles, all crafted by employing Sample 2 in Table 6.1 as nanoreactor, and 
(b) varied sizes of La2CoO4 nanoparticles, i.e., 8.5 nm, 17.1 nm, and 22.1 nm, crafted by employing Sample 




In summary, we proposed a versatile synthetic strategy to achieve La-based NPs with 
perovskite and layered perovskite structure by employing star-like PAA-b-PS diblock copolymers 
as nanoreactors, and demonstrated that layered La2CoO4 perovskite NPs exhibits remarkable 
electrocatalytic activities and stability for oxygen electrode reactions over previously-reported 
perovskite and perovskite derivative electrocatalysts. Intriguingly, the synthesis temperature was 
significantly reduced by this nanoreactor-assisted approach for achieving all three La-based NPs 
(i.e., LaFeO3, LaMnO3 and La2CoO4), especially for layered La2CoO4 perovskite NPs, possibly 
due to the nanometer-scaled product. In addition, the capability of tailoring the as-synthesized NPs 
by changing the molecular weight of inner PAA block, thus the compartment for precursors to 
coordinate and NPs to grow, allows the investigation into the correlation between the size of the 
catalysts and electrocatalytic performance. The excellent catalytic activities of layered La2CoO4 
perovskite NPs for both ORR and OER, which are superior to those of  LaFeO3 and LaMnO3 
perovskite NPs, could be attributed to highly active lattice oxygen as well as the increased amount 
of hydroxyl groups. Furthermore, size-dependent electrocatalysis of layered La2CoO4 perovskite 
NPs exhibits an enhanced ORR and OER activities as the NPs size decreases, resulting in the 
optimized performance of this catalyst. In particular, the oxygen activity (i.e., ΔE value) of layered 
La2CoO4 perovskite NPs of the smallest size (D = 8.5 nm) is 0.88 V, which is comparable or even 
greater than that of the previously reported transition metal-based perovskites and perovskite 
derivatives. Therefore, the newly-explored layered La2CoO4 perovskite NPs shows great potential 
in a wide range of energy devices, including intermediate temperature-reversible solid oxide fuel 
cells, metal-air batteries, etc. In general, structure engineering to yield layered perovskites can be 
regarded as an effective approach for fundamentally understanding the correlation between crystal 
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structure, electronic configuration and electrocatalytic activities and thus promoting the 
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CHAPTER 7. FACILE MANIPULATION OF MAGNETIC PROPERTIES OF 
SPINEL MFE2O4 (M = CO, NI, MN) NANOPARTICLES VIA ROBUST SIZE AND 
COMPOSITION ENGINEERING 
Yeu-Wei Harn et al. in preparation (to be submitted to Angewandte Chemie International Edition) 
 
7.1 Introduction 
Monodisperse magnetic nanocrystals have been widely studied during the past decade because 
the fascinating physical and chemical properties they possess as compared to their counterpart bulk, 
giving interests in both fundamental scientific understanding and technological applications.1-4 
Specifically, spinel ferrites MFe2O4 (M = Co, Ni, Mn, Zn, Cu, Mg, etc.) with oxygen forming an 
fcc close packing whereas M2+ and Fe3+ occupying either octahedral interstitial sites or tetrahedral 
sites, demonstrate intriguing magnetic,5 magnetoresistive,6 and magneto-optical properties.7 All 
these attractive features lead to a broad range of applications in many state-of-the-art technological 
fields, e.g., magnetic resonance image,8 biomedical,9 catalysis,10 permanent magnets,11 
ferrofluids,12 and recording media.13 Moreover, the magnetic and electrical properties of the 
MFe2O4 can be systematically tailored via changing and/or partial substitution of the divalent M
2+ 
cation, as well as tuning the size, shape, and crystallinity.14-16 For instance, magnetic nanoparticle 
(NPs) with size around 5-10 nm are preferred for magnetic carriers in bioscience because of high 
enough magnetic moment and absence of magnetic memory.17 In contrast, those with size around 
a couple of tens of nanometers are suitable for magnetic memory because the transition from 
superparamagnetic to ferro/ferrimagnetic behavior occurs and larger remnant magnetization as 
well as coercive field can be achieved within this size range.18    
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Due to the relative complexity of spinel magnetic materials, a better understanding of the 
relationship between the crystal structure, morphologies, synthetic conditions, and the magnetic 
and/or other desired properties is required. Therefore, finding suitable strategies for synthesizing 
spinel ferrite nanocrystals with controllable composition, size and shape becomes a critical 
research focus of magnetic nanomaterials. A large variety of different synthetic methods for 
obtaining spinel ferrite nanocrystals have been proposed, including sol-gel combustion,19 
microemulsion techniques,20 coprecipitation,21 thermal decomposition,22 etc. Among all the 
pathways, coprecipitation and thermal decomposition are the most common methods utilized for 
synthesizing MFe2O4 nanomaterials. The coprecipitation method, though advantageous in low cost 
and high yield, generally suffers from the necessity of careful adjustment of reaction condition and 
poor control over the size and shape of the product.21 On the other hand, thermal decomposition 
of mixed organic M2+ and Fe3+ compounds (e.g., metal acetylacetonates, metal carbonyls, etc.) 
with the introduction of surfactants under higher reaction temperature can provide spinel ferrite 
nanocrystals with good crystallinity as well as uniform size and shape. However, a general and 
robust synthetic process for directly obtaining spinel ferrite NPs with tunable size, composition, 
and narrow size distribution without the need to precisely tune the reaction parameters, i.e., 
reaction temperature, heating rate or even two-step seed-mediated synthesis, remains difficult, 
resulting in deficient studies of the dependence of magnetic properties on composition and 
morphology.14, 22 
In this paper, we proposed a general and versatile strategy for synthesizing polymer-ligated 
spinel magnetic NPs with judicious control over the size and composition, leading to tailorable 
magnetic properties, in particular saturation magnetization (Ms) and blocking temperature (TB). In 
brief, by capitalizing amphiphilic star-like poly(acrylic acid)-block-poly(styrene-co-acrylonitrile) 
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(PAA-b-PSAN) as nanoreactors, spinel magnetic NPs can be readily formed. Due to the strong 
interaction between carboxylic acid groups of the inner PAA blocks with the metal moieties of the 
precursors, the precursors and thus the spinel magnetic NPs after thermolysis can be loaded and 
confined within PAA compartment. Therefore, facilely by changing the molecular weight of the 
inner PAA block, the size of the as-synthesized spinel magnetic NPs can be precisely tuned, and 
narrow size distribution can be maintained. In addition, a rich diversity of spinel magnetic NPs 
can be acquired simply by changing the precursors used. Notably, compared to the magnetic NPs 
that are commonly stabilized by small-molecule ligands, the outer PSAN blocks are permanently 
and covalently ligated on the surface of the spinel magnetic NPs, preventing NPs from aggregation 
and providing great solubility in various kinds of organic solvents even after multiple times of 
purification. The surface chemistry of the NPs can be facilely modified by star-like diblock 
copolymer with different outer blocks. For example, by employing star-like PAA-b-poly(ethylene 
oxide) (PEO) as nanoreactors, the as-synthesized NPs can then be well-dispersed in polar solvents, 
facilitating the applications in the biomedical fields. This robust synthetic strategy in turn renders 
the possibility of revealing the size effect (by NPs with same composition yet tunable sizes) and 
composition effect (by NPs with similar size yet varied composition), individually on their 
magnetic properties. With the controlled morphology; composition; good dispersion in various 
kinds of solvents; superparamagnetic behavior and relatively high saturation magnetization, these 
as-synthesized spinel magnetic NPs prepared by star-like amphiphilic and hydrophilic diblock 
copolymer nanoreactors have great potential in various kinds of applications, such as magnetic 
nanodevice, magnetically recoverable nanocatalysts, hyperthermia cancer treatment, and MRI 




7.2 Experiment Details 
The synthetic process of star-like PtBA homopolymer has been described in Chapter 3, 3.1. 
Below we will specify the procedure for synthesizing second PSAN block from the first PtBA 
block, yielding star-like PAA-b-PSAN diblock copolymer nanoreactor. Furthermore, synthesis of 
star-like PAA-b-PEO diblock copolymer as well as using both star-like PAA-b-PSAN and PAA-
b-PEO as nanoreactors for obtaining spinel magnetic nanoparticles and the characterizations used 
in this study will be described.  
 
7.2.1 Synthesis of 21-arm star-like poly(tert-butyl acrylate)-block-poly(styrene-co-acrylonitrile) 
(PtBA-b-PSAN) by second ATRP 
Star-like PtBA-Br was used as the macroinitiator for the synthesis of star-like PtBA-b-PSAN 
through ATRP of styrene and acrylonitrile as the comonomers. In a typical procedure, A reaction 
mixture at star-like PtBA-Br: CuBr: PMDETA: styrene: acrylonitrile = 1:1:2:800:200 was mixed 
in a pressure vessel, degassed by three freeze-pump-thaw cycles and re-charged with argon. The 
vessel was sealed and immerged in a 90 ºC oil bath under stirring for a desired period. The reaction 
was subsequently quenched by dipping the vessel into liquid N2, diluted with THF, and passed 
through a column of neutral alumina to remove the Cu catalyst. After removing the solvent, the 
product was precipitated with methanol as the precipitator to yield a white solid.  
 
7.2.2 Synthesis of star-like PtBA-b-PEO diblock copolymers 
(a) The star-like PtBA obtained in the previous step (0.2 g) was first dissolved in DMF (5 ml). 
After fully sonicating and stirring to ensure the complete dissolving of the star-like PtBA 
homopolymer, pre-determined sodium azide was added (with the molar ratio of Br in star-like 
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PtBA homopolymer to sodium azide = 1:10), followed by continuous stirring for a day under 
room temperature and N2 protection. The reaction solution was then concentrated by a rotary 
evaporator and then precipitated in a mixed solution of methanol and water (1/5, v/v). The 
precipitant, i.e., the final product was collected and dried in the vacuum oven at room 
temperature overnight.    
(b) The typical procedure was described below. mPEO-OH was first dissolved in THF under Ar 
protection, followed by the addition of the DPMK solution until the color of the solution turned 
into reddish-brown. Propargyl bromide was added drop-by-drop into the reacting solution 
during 2 h at 0 oC. Stirring at room temperature was continued for another day. Finally, by 
precipitating the solution in diethyl ether twice and dried the precipitant in the vacuum at 40 
oC, the product was obtained.    
(c) Both star-like PtBA-b-PEO and alkyne-terminated mPEO were dissolved in DMF and 
transferred into ampule, followed by the addition of CuBr and PMDETA into the solution. 
After purging the reaction solution with N2 for 2 h, the reaction started by placing the ampule 
in the oil bath (at 90 oC) for more than a day. By immersing the ampule in liquid N2, the 
reaction was terminated. Finally, the solution was first passing through the alumina column to 
remove the Cu catalyst, then precipitated in cold hexane, and dried in the vacuum oven at room 
temperature for a day.     
 
7.2.3 Synthesis of 21-arm star-like poly(acrylic acid)-block-poly(styrene-co-acrylonitrile) 




PtBA block in the star-like PtBA-b-PSAN was hydrolyzed into PAA block to yield 
amphiphilic star-like PAA-b-PSAN diblock copolymers. Typically, star-like PtBA-b-PSAN (0.4 
g) was dissolved in CHCl3 (40 ml), followed by the slow addition of TFA (3 ml). After stirring at 
room temperature for 24 h, the reaction mixture was dried, re-dissolved in DMF, and gradually 
precipitated in methanol. The dissolution-precipitation process was repeated more than 5 times. 
The final product was washed with hexane and dried under vacuum to yield a white solid. In terms 
of star-like PAA-b-PEO, the hydrolysis followed similar steps except after hydrolysis, the product 
was directly obtained by exploiting a rotary evaporator to remove the solvent.  
 
7.2.4 Synthesis of PSAN-ligated and PEO- ligated MFe2O4 (M=Mn, Co, Ni) nanoparticles 
MFe2O4 (M=Mn, Co, Ni) nanoparticles were synthesized by capitalizing on star-like PAA-
b-PSAN diblock copolymers as nanoreactors. The strong coordination between the carboxyl 
groups and metal moieties leads to selective absorption of metal precursors (e.g. Co(acac)2, 
Fe(acac)3) onto the PAA core. Moreover, the organometallic precursors were pushed into the more 
polar PAA domain due to poor solubility of precursor in DPE as a result of its low polarity. After 
thermolysis, PSAN ligated MFe2O4 nanoparticles of different sizes were formed effectively with 
star-like PAA-b-PSAN of different molecular weights. In a typical procedure (taken CoFe2O4 as 
an example), star-like PAA-b-PSAN (10 mg) was dissolved in mixed solvents of DPE (9 ml) and 
BA (1 ml) under 50 ºC, followed by the addition of Co(acac)2 (76 mg) and Fe(acac)3 (216 mg) and 
stirred overnight under Ar. PAA core collapsed in DPE due to poor solubility. BA, a polar solvent, 
was added to create a more stable micelle with the outer PSAN dissolved in DPE and inner PAA 
stretched in BA. As mentioned above, the metal precursors tended to dominate the swelled PAA 
core because of polarity preference. The addition of BA led to the nucleation and growth of more 
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spherical nanoparticles. The reaction was heated to refluxing temperature (about 258 ºC) of the 
solvent for 12 h under stirring with Ar protection, yielding a dark black solution. The nanoparticles 
were precipitated and washed with ethanol 4 times and dried under vacuum overnight. On the other 
hand, for obtaining PEO-capped spinel ferrite nanoparticles, simply by substituting the 
nanoreactors with star-like PAA-b-PEO diblock copolymer, followed by the same reaction 
procedure, the nanoparticles can be obtained. After successfully attaining PEO-capped 
nanoparticles, purification steps were conducted by centrifugation at varied speeds to separate 
polymer-ligated products from residual precursors, and those grown outside of the nanoreactors.   
 
7.2.5 Characterization 
Gel permeation chromatography (GPC) equipped with an LC20AD HPLC pump and a refractive 
index detector (RID-10A, 120 V) was used to measure the number-average molecular weight (Mn) 
and the dispersity (PDI) of star-like polymers. Calibration was built from monodisperse 
polystyrenes as standards. THF was used as the eluent with a flow rate of 1.0 ml/min and an 
operating temperature of 35 °C. Proton nuclear magnetic resonance (1H NMR) spectra of organic 
samples were recorded on Varian VXR-300 spectroscope. The morphology of all samples was 
measured by transmission electron microscope (TEM, JEOL 100 CX-II; operated at 100 kV) and 
high-resolution transmission electron microscope (HRTEM, FEI Tecnai F30; operated at 300 kV). 
TEM and HRTEM samples were prepared by dropping product solution in ethanol or DMF onto 
a carbon-coated copper TEM grid (300 mesh) and dried at room temperature. Powder X-ray 
diffraction (XRD, Rigaku D/max-2400) measurements were conducted using Cu-Kα radiation (40 
kV, 120 mA) with a step of 0.08 per 25s and a 2θ range of 20-60°. Raman spectroscopy 
characterizations were performed on a Renishaw InVia Raman spectrometer equipped with a 532 
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nm laser. X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo 
K-alpha electron spectrometer with Al Kα radiation. Thermogravimetric analysis (TGA) was done 
using a Perkin Elmer DIAMOND TG/DTA instrument in air atmosphere at a heating rate of 10 oC 
min-1 from room temperature to 800 oC. Magnetic measurements were conducted with SQUID 
magnetometer. Hysteresis measurements were done at 300 K with applied fields ranged from -15 
kOe to 15 kOe. 
 
7.3 Results and Discussion 
Figure 1 shows the synthetic route for monodisperse, PSAN-ligated spinel magnetic NPs via 
employing star-like PAA-b-PSAN diblock copolymers as nanoreactors. First, β-CD had been 
brominated (denoted as Br-21-β-CD) by esterification, substituting original 21 hydroxyl groups 
into bromine groups (step 1 in Figure 7.1). The conversion of the hydroxyl groups into bromide 
groups was nearly 100%, as calculated from proton nuclear magnetic resonance (1H NMR) results 
(Figure 7.2 (a)). Using those Br-21-β-CD as initiator, atom transfer radical polymerization (ATRP) 
had been done twice sequentially with two different monomers, i.e., tert-butyl acrylate (tBA) and 
styrene-co-acrylonitrile (SAN), respectively for obtaining star-like PtBA homopolymer and star-
like PtBA-b-PSAN diblock copolymers (Figure 7.1, step 2 and 3). The molecular weights of each 
block can be tailored facilely by changing the polymerization time. The successful growth of the 
inner PtBA block and outer PSAN block can be corroborated by both GPC traces as well as 1H 
NMR spectra. From GPC traces (Figure 7.3), we can clearly observe the shift of the peak to the 
larger-molecular-weight region, proving the second block was indeed grafted onto the first PtBA 
block. Furthermore, the low polydispersity (PDI < 1.15) of both star-like PtBA homopolymer and 
star-like PtBA-b-PSAN diblock copolymers was achieved, signifying the effectiveness for 
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controlling the size distribution of the as-synthesized NPs since the size of the NPs were 
determined by molecular weight and PDI of the inner block. The 1H NMR (Figure 7.2 (b, c)) can 
further substantiate the successful synthesis of star-like PtBA and star-like PtBA-b-PSAN by the 
obvious characterization shift. The star-like PtBA-b-PSAN diblock copolymers were then 
hydrolyzed and converted PtBA into poly(acrylic acid) (PAA) (Figure 7.1, step 4), yielding the 
final star-like PAA-b-PSAN diblock copolymer that can serve as nanoreactors for spinel magnetic 
NPs synthesis.  
 
Figure 7.1 Synthetic route to spinel magnetic NPs, i.e., PSAN-ligated CoFe2O4, NiFe2O4, and MnFe2O4, 





Figure 7.2 1H-NMR spectra of (a) brominated β-CD, i.e., initiator of ATRP, (b) star-like PtBA 






Figure 7.3 GPC results of (a) three star-like PtBA homopolymer, (b) three star-like PtBA-b-PSAN diblock 
copolymers and (c) superimposition of (a) and (b). The same color in (c) indicated the second PSAN block 
polymer (dashed line) was grown onto the corresponding first PtBA block (solid line). The molecular 




To craft uniform and monodisperse spinel magnetic NPs by using star-like diblock 
copolymers as nanoreactors, first we dissolved the star-like diblock copolymers in a mixed solvent 
composed of diphenyl ether (DPE) and benzyl alcohol (BA) (9:1 DPE/BA, v/v). The reasons for 
choosing DPE as the major reaction solvent are high boiling temperature, i.e., high reaction 
temperature for NPs synthesis that can ensure complete thermolysis and better crystallinity of NPs, 
as well as good solubility for outer PSAN block. Moreover, the metal precursors tended to occupy 
the inner PAA compartment due to polarity preference, further leading to effective coordination 
between metal precursors and carboxylic acid group of PAA block, and enhanced yield of the final 
spinel magnetic NPs product. The addition of a small amount of BA (a poor solvent for PSAN yet 
a good solvent for PAA) can partially collapse the outer PSAN block, forming stable unimolecular 
micelle. Therefore, the successively-added precursor and the formed NPs can be confined within 
the inner PAA block, allowing the synthesis of uniform spinel ferrite NPs with a well-defined 
spherical shape. After dissolving the star-like diblock copolymers in the mixed solvent, the 
solution was being stirred continuously at 50 oC overnight to guarantee the formation of the stable 
micellar structure. The precursor of spinel magnetic NPs, i.e., cobalt(II) acetylacetonate 
(Co(acac)2), manganese(II) acetylacetonate (Mn(acac)2)  and nickel(II) acetylacetonate (Ni(acac)2) 
for the M2+ ions of MFe2O4 and iron(III) acetylacetonate (Fe(acac)3) for the Fe
3+ ions, were then 
added to the reaction solution under stirring for another day (Figure 7.1, step 5). Long-enough 
mixing/loading time is essential for the metal moieties of precursors to coordinate with carboxyl 
groups of the inner PAA block. Because of this strong interaction, the concentration of the 
precursors would be higher within the PAA block, compared to the outer PSAN block (without 
functional group) and that in the solution, resulting in the preferred formation of the spinel 
magnetic NPs within the PAA compartment. The subsequent thermolysis by raising reaction 
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temperature to the refluxing temperature of the solvent (~250 oC) for 12 h led to the nucleation 
and growth of the monodisperse spinel ferrite NPs (Figure 7.1, step 6), which can be dissolved in 
various kinds of organic solvents facilely due to the permanently ligated outer PSAN block on the 
surface. To purify the as-synthesized NPs, dissolution-precipitation approach with toluene/DMF 
and ethanol as the good and the poor solvent, respectively was conducted multiple times, ensuring 
the impurities and residual solvent were all removed. Compared to other spinel magnetic NPs that 
are stabilized with small ligands capped on the surface, the spinel magnetic NPs synthesized via 
employing nanoreactors are very stable and can be well-dispersed in good solvents for PSAN even 
after multiple purification steps because the outer PSAN polymeric chains covalently ligated on 
the surface. We also discovered that a slower heating rate for thermolysis can be beneficial to the 
formation of more uniform NPs, possibly due to slower growth rate and lower concentration of 
available metal cations from the decomposition of the precursors at a time, suppressing the 
possibility for product to grow outside of the nanoreactors. Furthermore, the star-like diblock 
copolymer nanoreactors synthesized by ATRP possessed both controllable molecular weight of 
the inner and outer block, separately and narrow molecular weight distribution, leading to spinel 
magnetic NPs with tailorable size and narrow size distribution. Table 7.1 depicts the molecular 
weight, both per arm and per star-like polymer of star-like PtBA homopolymer and star-like PtBA-










Table 7.1 Summary of star-like PAA homopolymer, star-like PAA-b-PSAN diblock copolymer, inner PAA 
size from the theoretic calculation, and as-synthesized nanoparticle size 















Sample 1 70 K 4K 1.04 5K 239 K 1.15 3 nm 4.3 nm 
Sample 2 110 K 8K 1.07 9K 326 K 1.19 7 nm 7.4 nm 
Sample 3 207 K 15K 1.12 14K 475 K 1.18 13 nm 11.3nm 
Notes: a Molecular weight of PtBA was obtained from the GPC results. b Molecular weight of PAA was 
calculated from the molecular weight of PtBA acquired from GPC results. The single-arm Mn was derived 
from the standard curve built with 21-arm star-like PS and single-arm PS after cleavage. All GPC results 
were calibrated with linear PS standards. c Molecular weight of PSAN was calculated from the 1H NMR 
spectra of star-like PtBA-b-PSAN with known Mn of PtBA. d Whole molecular weight of PtBA-b-PSAN 
was obtained from the GPC results. e The core PAA diameter is estimated from full stretched chains. f 
Calculated from TEM image with ImageJ software of 100 nanoparticles 
 
Uniform and disperse spinel magnetic NPs can be found in Figure 7.4. Figure 7.4 (a-c), 
(d-f), and (g-i) showed the transmission electron microscopy (TEM) images of NiFe2O4, MnFe2O4, 
and CoFe2O4 NPs, respectively with average size from 4 nm, 7 nm to 11 nm via using the star-like 
PAA-b-PSAN diblock copolymers (Sample 1-3 in Table 7.1) as nanoreactors. Specifically, by 
employing the coordination interaction between the carboxylic acid (-COOH) groups within the 
inner PAA block and the metal moieties of the precursors, NPs can be formed via this polymer-
directed synthesis. To prevent the insufficient amount of precursor which might lead to irregular 
and un-uniform NPs, 10 times the molar ratio of precursor over AA units was added, and PAA 
compartment was expected to be fully occupied. Those formed outside of the nanoreactors (i.e., 
271 
 
big chunks of the product without the protection of ligand) due to the excess amount of precursor 
can be easily removed by centrifugation at different speeds. The uniformity of the as-synthesized 
NPs was confirmed by statistically calculating the average size and variance among 100 NPs from 
the TEM images, and the resulting dimension distribution histograms of three different kinds of 
spinel magnetic NPs were demonstrated in Figure 7.5. Remarkably, the sizes of the spinel 
magnetic NPs synthesized with the same star-like diblock copolymer nanoreactor were all well-
comparable, proving the effectiveness and versatility of this approach to obtain NPs with tailorable 
size and composition. The capability of fabricating the monodisperse magnetic NPs, especially 
with consistent morphology, i.e., spherical shape and similar dimension,  can thus afford a unique 
platform for exploring the size effect and composition effect, individually on magnetic properties 
within the nanometer-scale regime. To confirm the role of the star-like diblock copolymer 
nanoreactors in the magnetic NPs synthesis, control experiments without the addition of the 
nanoreactors had been conducted (Figure 7.6). Irregular-shaped product with large size and large 






Figure 7.4 TEM images of PSAN-ligated magnetic NPs synthesized by capitalizing respective star-like 















 NPs with an average diameter of 4 nm, 7 nm, and 11 nm, respectively. All three 
kinds of spinel magnetic NPs with size from 4 nm, 7 nm to 11 nm were crafted by employing Sample 1 to 





Figure 7.5 Statistic of the size distribution of (a) NiFe2O4, (b) MnFe2O4, and (c) CoFe2O4 with three 
different sizes. All three kinds of spinel magnetic nanoparticles with size from 4 nm, 7 nm to 11 nm were 




Figure 7.6 TEM images of the control experiment, i.e., synthesis of spinel magnetic nanoparticles with the 
same experimental conditions without the addition of star-like diblock copolymer nanoreactor. 
 
The capability of changing the surface chemistry, i.e., changing the outer block polymer, 
of the as-synthesized spinel ferrite nanoparticles was also attained by capitalizing hydrophilic star-
like PAA-b-PEO diblock copolymer instead of amphiphilic star-like PAA-b-PSAN diblock 
copolymer. In brief, we first synthesized the star-like PtBA with pre-determined molecular weight, 
followed by azidation (denoted as star-like PtBA-N3) to transform the bromine end groups on the 
PAA chain end into azide groups via nucleophilic substitution reaction. Linear PEO terminated 
with an alkyne group was prepared at the same time. After successfully obtaining these two 
reactants, i.e., star-like PtBA-N3 and alkyne-terminated PEO, click reaction between the two was 
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performed. Finally, after similar hydrolysis procedure, star-like PAA-b-PEO diblock copolymer, 
which again serves as nanoreactors for the subsequent spinel ferrite nanoparticle synthesis, can be 
rendered. The successful conversion of -Br to -N3 as well as click reaction can first be corroborated 
by FTIR characterization, in which the characteristic stretching of -N3 (~2112 cm-
1) appeared 
(Figure 7.7 (b), indicated by black arrow) after azidation and disappeared after click reaction 
(Figure 7.7 (c)).23 Moreover, a significant peak shift to the higher molecular weight regime in 
GPC results can be observed before and after click reaction (Figure 7.7 (d)), indicating the 
increase of molecular weight as well as the whole hydrodynamic volume of the star-like polymer. 
Consequently, the successful grafting of the second PEO block onto star-like PtBA homopolymer 
had been substantiated. By employing star-like PAA-b-PEO diblock copolymer as nanoreactor, 
representative monodisperse spinel CoFe2O4 NPs can be obtained, signifying the flexibility of 
tailoring/designing surface chemistry of the as-synthesized nanoparticles as promising materials 
for desired applications. Figure 7.7 (e) showed the TEM image of the PEO-ligated CoFe2O4 
nanoparticles with excellent dispersity in polar solvents (here we use ethanol to disperse the PEO-
ligated nanoparticles) and uniformity in size. The statistic calculation of the average size and size 
distribution of the corresponding CoFe2O4 NPs can be found in Figure 7.7 (f). Markedly, since 
the molecular weight of the inner PAA block was not the same as those three samples listed in 
Table 7.1 but particularly similar (slightly smaller) with that of Sample 2, the average size of the 
nanoparticles synthesized from this star-like PAA-b-PEO diblock copolymer nanoreactor was also 
slightly smaller (~6.5 nm) but consistent with those synthesized via Sample 2 nanoreactors 






Figure 7.7 FTIR spectra of (a) star-like PtBA, (b) star-like PtBA-N3 and (c) star-like PtBA-b-PEO diblock 
copolymer. (d) GPC traces of star-like PtBA homopolymer and star-like PtBA-b-PEO diblock copolymer. 
(e) TEM image of PEO-ligated spinel CoFe2O4 nanoparticle and (f) the corresponding size distribution 
histogram by measuring 100 nanoparticles from TEM images with ImageJ software. 
 
High-resolution TEM (HRTEM) images can be found in Figure 7.8 (a-c) for NiFe2O4, 
MnFe2O4, and CoFe2O4 NPs, separately. The spherical and disperse NPs can be clearly seen from 
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all kinds of NPs and the characteristic lattice-fringe distances of 0.48 nm and 0.29 nm for NiFe2O4, 
0.296 nm for MnFe2O4 and 0.297 nm for CoFe2O4 NPs can be observed, matching well with the 
(111) and (220) planes for the corresponding spinel magnetic nanocrystals.24-25 Structural 
information of the as-synthesized NPs was obtained from X-ray diffraction (XRD) measurements. 
In the representative XRD patterns of three kinds of spinel magnetic NPs (Figure 7.8 (d)), the 
position of all the diffraction peaks were consistent with the characteristic peaks of three kinds of 
spinel phases (without any additional impurity peaks),26-27 which was beneficial to the precise 
comparison and discussion on the magnetic properties afterward. Another intriguing feature with 
the XRD patterns was the line broadening (Figure 7.9) observed in all the samples, suggesting the 
fine nature, i.e., small dimension, of the NPs. By utilizing Scherrer analysis (equation shown below) 





, where D is the crystallite size (nm), λ is the wavelength of incident X-ray, β is the full width of 
the diffraction peak at half of the maximum intensity, and θ is the Bragg angle. All the estimated 
average particle sizes agreed well with that determined by statistical analysis from the TEM images, 
implying each particle was a single crystal.29 The diameters of all the NPs synthesized, both 




Figure 7.8 Representative HRTEM images of the as-synthesized PSAN-ligated magnetic NPs with 
different compositions: (a) NiFe2O4, (b) MnFe2O4, and (c) CoFe2O4 and the representative XRD patterns of 
the corresponding spinel magnetic NPs. All the spinel magnetic NPs measured were crafted by employing 





Figure 7.9 XRD patterns of PSAN-ligated spinel magnetic nanoparticles of different compositions and 
sizes: (a) NiFe2O4, (b) MnFe2O4, and (c) CoFe2O4 nanoparticles. The as-synthesized spinel magnetic 





Due to the similarity in the peak position of XRD patterns for all three kinds of magnetic 
NPs, X-ray photoelectron spectroscopy (XPS) measurement is essential to verify the presence of 
chemical elements and to investigate the oxidation states of the elements of the as-synthesized 
product. The survey XPS spectra were shown in Figure 7.10 and the high-resolution spectra for 
MnFe2O4, CoFe2O4, and NiFe2O4 were exhibited in Figure 7.11. From all the spectra of M
2+ 
element, i.e., Mn, Co, and Ni in Figure 7.11 (a, c, and e), two major peaks with two satellite peaks 
can be observed. For instance, it was found that the XPS spectrum of Mn 2p demonstrated two 
main peaks of Mn 2p3/2 (641.2 eV) and Mn 2p1/2 (652.8 eV), consistent with previously reported 
values for Mn2+ chemical state.30 Moreover, further deconvolution of these two major peaks due 
to the asymmetric peak shape was conducted and the existence of Mn2+ ions at two crystallographic 
environments, i.e., octahedral (pink curve) and tetrahedra sites (green curve),31 within the as-
synthesized MnFe2O4 spinel magnetic NPs was discovered. Similarly, in addition to the satellite 
peaks, the major two peaks for Co (with the binding energy of 780.9 eV and 796.2 eV, 
corresponding to the valence state of Co2+) and Ni (with the binding energy of 855.5 eV and 873 
eV, corresponding to the valence state of Ni2+) had been deconvoluted into two peaks, respectively, 
again verifying that both Co2+ and Ni2+ ions were situated in two different environments.32-33 The 
high-resolution Fe 2p spectra for three different kinds of spinel ferrites can be found in Figure 
7.11 (b, d, and f). Two peaks situated at 711.7 eV and 724.4 eV, matching with that of Fe 2p3/2 
and Fe 2p1/2 for Fe
3+ states, had also been deconvoluted into Fe3+ ions at octahedral sites and 
tetrahedral sites.34 Two satellite peaks situated at 719.4 eV and 733 eV were associated with the 
transition of an electron from 3d orbital to the vacant 4s orbital when the ejection of the core 2p 
photoelectron occurred.35 In particular, the normal spinel structure indicates the structure with 
tetrahedral sites occupied by bivalent cations (M2+) and octahedral sites occupied by trivalent 
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cations (Fe3+ in the case of spinel ferrite) (Figure 7.12 (a)).36 Conversely, the inverse spinel 
structure represents the structure with tetrahedral sites occupied by trivalent cations and octahedral 
sites occupied by a mixture of bivalent and trivalent cations (Figure 7.12 (b)).37 In terms of 
structure in our study, we can conclude that all the spinel magnetic NPs synthesized by 
nanoreactors have a partial/mixed inverse structure, i.e., both octahedral sites and tetrahedral sites 
were occupied by a mixture of M2+ and Fe3+ ions, which will further influence their magnetic 
properties.38 Here we assume the cation distributions (i.e., ratio of different ions on different sites) 
were similar for the same kind of spinel NPs regardless of the sizes because of the same synthetic 









Figure 7.10 XPS whole spectra of PSAN-ligated (a) MnFe2O4 (b) CoFe2O4 and (c) NiFe2O4  nanoparticles. 





Figure 7.11 XPS of PSAN-ligated spinel magnetic NPs of (a) Mn and (b) Fe of MnFe2O4, (c) Co and (d) 
Fe of CoFe2O4 and (e) Ni and (f) Fe of NiFe2O4. All the spinel magnetic NPs measured were crafted by 





Figure 7.12 Crystal structures of (a) normal spinel structure and (b) inverse spinel structure.  
 
Raman spectroscopy is very sensitive to purity and many structural disorders, such as 
lattice distortion, local cation distribution, magnetic ordering, etc. Figure 7.13 shows the Raman 
spectra in the range of 100-800 cm-1 of as-synthesized CoFe2O4, MnFe2O4, and NiFe2O4 NPs, 
respectively. Among all the vibrational modes for Raman, only A1g mode, coming from symmetric 
stretching of oxygen atoms along M-O (and Fe-O), was observed for all three samples around 600-
690 cm-1.39 Specifically, in the spectrum of CoFe2O4 NPs (Figure 7.13 (a)), three first-order 
Raman modes located at 290 (Eg), 456 (T2g), and 667 cm
-1 (A1g) can be clearly seen, consistent 
with those reported previously.39 It is notable that the splitting of the A1g band indicated the 
replacement of some Fe3+ ions by Co2+ ions in the tetrahedral site,39 verifying the conclusion from 
XPS results that CoFe2O4 possessed mixed inverse structure. T2g(1) mode and Eg mode were found 
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for MnFe2O4 NPs at 211 and 361 cm
-1 (Figure 7.13 (b)), whereas an unexpected mode at around 
266 cm-1 had been observed, possibly due to a breakdown of the translation symmetry induced by 
cationic disorder.40-41 Finally, the four major Raman active modes, i.e., peak at 328, 471, 561, 681 
cm-1, of NiFe2O4 in Figure 7.13 (c) can all be well-assigned to Eg, T2g(3), T2g(2) and A1g as 
presented in earlier reports.42 Similarly, the slightly asymmetric peak at 681 cm-1 with a small 
shoulder on the low energy side may result from the distribution in bond distances of Fe-O and 
Ni-O bond.43 Therefore, one peak represented the unit cell with all Fe ions and the other one 
represented the unit cell with mixed Fe and Ni ions, again suggesting that the as-synthesized 
NiFe2O4 NPs exhibited mixed spinel structure.  
Before investigating the magnetic properties based on varied composition and dimensions, 
thermogravimetric analysis (TGA) need to be conducted first to precisely calculate the amount of 
spinel magnetic NPs subjecting to VSM measurement. Figure 7.14 and Table 7.2 showed the 
TGA results for CoFe2O4, NiFe2O4, and MnFe2O4 with varied sizes, respectively. The amount of 
spinel magnetic NPs had been determined by the residual weight ratio at 800 oC. Figure 7.15 
showed the magnetic hysteresis loops, i.e., magnetization versus applied magnetic field plot, 
measured via vibrating sample magnetometer (VSM) at room temperature (300 K) with applied 
magnetic field ranged from -15 kOe to 15 kOe for the as-synthesized PSAN-ligated spinel 
magnetic NPs. The value of saturation magnetization (Ms), coercivity (Hc), and remnant 
magnetization (Mr) of the corresponding spinel ferrite NPs were summarized in Table 7.1. All the 
spinel ferrite NPs within the size range we have synthesized demonstrated superparamagnetic 
behaviors with reversible magnetization and narrow hysteresis loop at room temperature except 





Figure 7.13 Raman spectra of as-synthesized (a) CoFe2O4 (b) MnFe2O4 and (c) NiFe2O4 nanoparticles. All 






Figure 7.14 Thermogravimetric analysis (TGA) of PSAN-ligated spinel magnetic NPs with 
different compositions: (a) CoFe2O4 (b) NiFe2O4 and (c) MnFe2O4 of varied sizes. The numbers 







Table 7.2 Summary of the weight ratio of spinel magnetic nanoparticles with varied sizes from TGA 
Composition Sample # Size of the 
nanoparticles 
The weight ratio of inorganic material 
(weight left at 800 oC) 
 
CoFe2O4 
1 3 nm 69.6% 
2 7 nm 81.9% 
3 12 nm 77.9% 
 
NiFe2O4 
1 3 nm 42.4% 
2 7 nm 84.5% 
3 12 nm 83.9% 
 
MnFe2O4 
1 3 nm 47.2% 
2 7 nm 81.5% 










To discuss the magnetic properties between different compositions of the spinel magnetic 
NPs with similar size, comparison of Ms between three kinds of spinel magnetic NPs with varied 
sizes had been rendered. Due to varied number of unpaired 3d electrons, different 3d transition 
metals (M2+) carry different atomic moment, and these 3d transition metals are expected to have 
the relative magnitudes of the spin moments with the following order: Mn2+ (5 μB) = Fe
3+ (5 μB) > 
Co2+ (3 μB) > Ni
2+ (2 μB).
44 Additionally, the magnetic structure of spinel ferrite is described as 
antiparallel moments on the tetrahedral and octahedral sites, giving the ferro- or ferrimagnetic 
ordering via an antiferromagnetic super-exchange coupling between the spins on two sites. 
Therefore, the intrinsic magnetic properties of spinel-structured magnetic NPs are directly affected 
by the type of cation (M2+) as well as the cation distribution.45 To investigate the composition 
effect of the magnetic NPs on Ms, the as-synthesized spinel ferrite NPs with the largest size (D = 
11 nm) of three compositions was first chosen as an example (Figure 7.16 (c)). Based on the 
hysteresis loop we obtained under measurement at room temperature, Ms exhibited the following 
order: CoFe2O4 (80.2 emu/g) > MnFe2O4 (78.4 emu/g) > NiFe2O4 (56.3 emu/g). The smallest Ms 
of NiFe2O4 was due to the smallest average spin moments of the constituent Ni
2+ ions, while the 
order of Ms between CoFe2O4 and MnFe2O4 was inconsistent with the average spin moments we 
have listed above. The reverse order may result from different intrinsic crystal structures, i.e., 
cation distributions. As supported by previous literature, MnFe2O4 was believed to be 
predominantly normal spinel character,46 i.e., with Mn2+ cations located on the tetrahedral sites 
and Fe3+ cations located on the octahedral sites, whereas CoFe2O4 preferred the inverse spinel 
arrangement,36 i.e., with Co2+ cations located on the octahedral sites and Fe3+ cations located on 
both sites. In addition, the interactions between the tetrahedral (A) and octahedral (B) sublattices 
in the spinel structure consisted of intersublattice (A-B) super-exchange interactions and 
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intrasublattice (A-A and B-B) exchange interactions, and the intersublattice interactions of the 
cations were much stronger than that of intrasublattice interactions.47 Therefore, comparing 
between the two spinel structures, inverse spinel structure possessed more accumulated Fe3+ ions 
on A-sites, introducing larger intersublattice FeA
3+-FeB
3+ super-exchange interactions that were 
stronger than intersublattice MnA
2+-FeB
3+ interactions and other intrasublattice interactions and 
may lead to an increase in Ms in the as-synthesized CoFe2O4 spinel NPs.
48 Finally, based on the 
comparison of the Ms value of the as-synthesized NPs with the largest size with those reported 
from previous research (and even with bulk spinel materials), all three kinds of spinel ferrite NPs 
demonstrated superparamagnetic behavior with remarkably-high saturation magnetization. For 
instance, the room temperature Ms of the bulk ferrite materials are generally well-established, i.e., 
83 emu/g for MnFe2O4, 75 emu/g for CoFe2O4 and 50 emu/g for NiFe2O4.
49-50 We noted that the 
Ms value varies hugely among literature because it can be heavily influenced by different synthetic 
approaches and annealing history. In brief, all the measured Ms values with the as-synthesized 





Figure 7.16 M-H curves of CoFe2O4, MnFe2O4, and NiFe2O4 nanoparticles with varied average nanoparticle 




Comparing the same materials with different sizes, i.e., size effect on magnetic properties, 
we observed a clear relationship between the decrease of the saturation magnetization with the 
decrease of the particle dimensions (d) for all three kinds of spinel ferrite NPs. The correlation can 
be attributed to the surface spin disorder that occurred in the NPs. Assuming the thicknesses (t) of 
this magnetically dead layer were constant (or similar within the size range we had), the 
magnetization of the NPs follows the equation below:51 




Hence, the smaller the size of the NPs, i.e., the larger surface to volume ratio, the more intense this 
surface-spin-disorder effect can be. Figure 7.17 represented the Ms of all three kinds of spinel 
ferrite NPs at 300 K plotted against particle diameter. Data points of CoFe2O4 and MnFe2O4 can 
be fitted by a straight line, whereas in NiFe2O4 cases, Ms increased between the first two points 
(from 4 nm to 7 nm), then reached a plateau (with values comparable to that of bulk NiFe2O4) 
despite continuously-increased NPs size. Consequently, we believe the critical size, i.e., at which 
the transition between single-domain regime to multidomain regime occurred, of CoFe2O4 and 
MnFe2O4, had not yet been reached within the size range of the NPs synthesized, while the critical 
size for NiFe2O4 NPs should fall within the range from 7 nm to 11 nm. This value is generally 
lower than most of the reported value in literature,52 indicating synthetic method as well as surface 




Figure 7.17 Saturation magnetization at 300 K versus particle size of three compositions: CoFe2O4 (black), 
MnFe2O4 (red), and NiFe2O4 (blue). 
 
7.4 Conclusion 
In this study, three kinds of spinel ferrite NPs, i.e., MnFe2O4, CoFe2O4, and NiFe2O4 NPs, were 
successfully synthesized via using star-like PAA-b-PSAN diblock copolymer as nanoreactors. By 
the coordination interaction between functional group of PAA and precursors, the precursors were 
loaded within the PAA compartment, followed by thermolysis of the precursor and formation of 
the spinel ferrite NPs. Therefore, the size of the as-synthesized nanoparticle can be facilely tailored 
by changing the molecular weight of the inner PAA block. Furthermore, those as-synthesized NPs 
can be well-dispersed in various organic solvents even after multiple purification steps because of 
the covalently-ligated outer PSAN block on the surface of the NPs. In addition, by capitalizing 
different star-like diblock copolymer, i.e., star-like PAA-b-PEO diblock copolymer, hydrophilic 
PEO-ligated spinel ferrite NPs can be attained. The morphology, structure, and composition of all 
three kinds of PSAN-ligated spinel ferrite NPs had been meticulously scrutinized. In particular, 
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the XPS results revealed all the as-synthesized ferrites NPs possessed mixed spinel structure with 
both divalent M2+ and trivalent Fe3+ ions located on both sites.  
With the proposed nanoreactor-assisted approach, size, and composition effect on the magnetic 
properties can be elucidated. Notably, by using the same star-like diblock copolymer as 
nanoreactor, the sizes among three spinel ferrites were highly consistent, opening an avenue to 
investigate the two effects independently. Here, all nine samples rendered superparamagnetic 
behavior with the increasing Ms from NiFe2O4, MnFe2O4 to CoFe2O4 NPs of the largest size. The 
smallest Ms that NiFe2O4 showed can be explained by smaller spin moments that divalent Ni
2+ 
ions provided, whereas the inversed order of MnFe2O4 and CoFe2O4 based on the spin moments 
of the divalent ions may be originated from different intrinsic cation distributions. In terms of size 
effect, increased Ms were observed with increased nanoparticle size disregarding the type of the 
spinel ferrites, which can be explained by the existence of the surface magnetically-disordered 
layer. Moreover, the critical size had been identified to fall within the 7-11 nm range for NiFe2O4 
since the Ms reached a plateau even with further increased size in this range. To sum up, by 
capitalizing star-like diblock copolymers with controlled molecular weight, various kinds of 
inorganic NPs with tailorable dimension and composition can be acquired and the dependence of 
desired properties on size and composition can be clarified. In addition, the spinel ferrite NPs 
synthesized in this study with excellent features, including superparamagnetic behavior, high Ms, 
and good solubility in different kinds of solvents, exhibit great potential in both catalytic and 
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CHAPTER 8. GENERAL CONCLUSION AND BROADER IMPACTS 
8.1 General conclusion 
In this dissertation, we have first synthesized star-like triblock copolymer consisting of poly(4-
vinyl pyridine) (P4VP) and poly(acrylic acid) (PAA) as the first and second block with tailorable 
molecular weight of each block and narrow molecular weight distribution. In addition, functional 
nanomaterials with tailorable size, composition, crystal structure, and dopant/doping concentration 
can be achieved via this robust synthetic strategy based on capitalizing well-defined amphiphilic 
and hydrophilic star-like diblock copolymers as nanoreactors, enabling systematic studies on the 
dependence of the desired properties (i.e., electrocatalytic activities and magnetic properties) on 
these tunable factors.  
In the first part of this dissertation, star-like diblock and triblock copolymers with pyridine-
group containing polymer (P4VP) as the first block with controlled molecular weight distribution, 
which is difficult to achieve by atom transfer radical polymerization (ATRP) due to easy 
occurrence of the coupling reaction, were successfully obtained by addition of linear initiator when 
polymerizing the second poly(tert-butyl acrylate) (PtBA) block. By adding the optimal amount of 
linear initiator, the molar ratio between initiate sites to metal catalysts can be increased to 1 to 1, 
resulting in suppressed tendency of arm-arm and star-star coupling and reduced polydispersity of 
the star-like polymers. The kinetic studies of polymerization the second PtBA block with and 
without the addition of linear initiators have been conducted and the linear relationship of 
ln([M]0/[M]t) vs. time can only be found when additional linear initiator was introduced, indicating 
constant propagating species during the polymerization only happened under this synthetic 
condition. In addition, three kinds of monomers, including styrene, methyl methacrylate, and 
ethylene oxide, were chosen as the monomer for the third block of star-like polymer and successful 
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polymerizations by ATRP for polystyrene (PS) and poly(methyl methacrylate) as well as click 
reaction for poly(ethylene oxide) were performed, signifying the high flexibility of modulating the 
surface chemistry of the star-like triblock copolymers. Finally, the dual pH-responsive behavior of 
hydrophilic star-like P4VP-b-PAA diblock copolymer was explored. By extension, the developed 
synthetic strategy based on sequential ATRP via cyclodextrin as initiator may enable the synthesis 
of a large diversity of other stimuli-responsive star-like block copolymer consisting of dissimilar 
blocks that are either pH-responsive, thermo-responsive or photo-responsive, opening the avenue 
for fundamental research and potential applications in smart delivery vehicles, sensors, and tunable 
templates for nanomaterials.  
In the second part of this dissertation, by employing star-like PAA-b-PS diblock copolymer as 
nanoreactor, perovskite oxide nanoparticles, including BaTiO3, PbTiO3, LaFeO3, and LaMnO3, as 
well as layered perovskite oxide nanoparticles (La2CoO4) with tailorable dimension, crystal 
structure, dopant type, and doping concentration can be crafted. Simply by the coordination of 
metal moieties within precursors and carboxylic acid group of inner PAA block, the precursors 
can be loaded within the PAA compartment, and nanoparticle can be obtained after thermolysis of 
the precursors. Therefore, the size of the as-synthesized nanoparticle can be facilely modulated by 
changing the molecular weight of the inner PAA block. Furthermore, the outer PS block was 
covalently-ligated on the surface of the nanoparticles, preventing aggregation of nanoparticle 
during the purification process and enhancing solubility of the as-synthesized nanoparticle in 
common organic solvents. Furthermore, doping the as-synthesized nanoparticle can be easily 
achieved by adding the dopant precursors with the pre-determined amount during nanoparticle 
synthesis. The electrocatalytic performance of pristine and doped perovskite oxide as well as 
layered perovskite oxide materials, dispersed on graphene oxide, was measured. The improved 
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oxygen reduction reaction activity when particle size was reduced and doped with other elements 
(lanthanum (La) and cobalt (Co)-doped BaTiO3) was discovered and discussed, which can be 
attributed to increased active sites (for reduced particle size) and reduced free energy barrier during 
oxygen reduction reaction (ORR) as well as increased conductivity (for introducing dopants) based 
on DFT calculation. On the other hand, the remarkable bifunctional electrocatalytic activities of 
layered La2CoO4 perovskite nanoparticles for both ORR and oxygen evolution reaction (OER) 
were exhibited, possibly resulting from highly active lattice oxygen and an increased amount of 
hydroxyl groups on the surface of the catalysts. Overall, this synthetic strategy rendered a new 
platform for acquiring a rich diversity of electrocatalysts with excellent activities by changing the 
size, composition, crystal structure, dopant as well as surface chemistry for advanced energy 
storage and conversion devices.  
In the third part of this dissertation, star-like PAA-b-poly(styrene-co-acrylonitrile) (PSAN) 
diblock copolymers were similarly employed as nanoreactors for magnetic spinel nanoparticle 
synthesis. By capitalizing coordination between precursors and the functional group within PAA, 
precursors and the as-synthesized nanoparticles can again be formed within the compartment of 
PAA, rendering the capability of tuning the size of the as-synthesized spinel nanoparticles. In 
particular, we used diphenyl ether (DPE) as the major solvent for nanoparticle synthesis due to the 
following reasons. First, due to the different polarity between DPE and star-like diblock copolymer, 
precursors had a higher tendency to coordinate with the nanoreactor, thus leading to better control 
over morphology and size uniformity of the as-synthesized nanoparticles as well as higher yield 
for further characterization. Second, because DPE possessed higher boiling temperature, the 
reaction temperature (i.e., the refluxing temperature of the solvent) was high enough for obtaining 
the nanoparticles with great crystallinity, facilitating further properties investigation. Herein, 
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spinel magnetic nanoparticles with varied compositions, i.e., CoFe2O4, MnFe2O4, and NiFe2O4, as 
well as varied sizes, i.e., 4, 7, 11 nm, were successfully acquired. Furthermore, simply via changing 
the outer hydrophobic PS block in hydrophilic PEO block, the surface chemistry of the spinel 
magnetic nanoparticles can be tailored, providing additional applications, especially in the 
biomedical field. Finally, we interrogated the size effect and composition effect on magnetic 
properties with the as-synthesized spinel magnetic nanoparticles. The saturation magnetization 
(Ms), using the as-synthesized nanoparticles with the largest size as an example, followed the order 
of NiFe2O4 < MnFe2O4 < CoFe2O4. The smallest Ms for NiFe2O4 was expected because the 
magnetic moment that Ni2+ ions provided was the smallest. However, the order between MnFe2O4 
and CoFe2O4 was inconsistent with the expected magnetic moment of respective transition ions, 
which may be originated from different cation distribution for these two materials. On the other 
hand, the Ms decreased as the size of the nanoparticle decreased, possibly resulted from the 
increased ratio of the magnetically-dead surface layer when the size of the nanoparticle decreased. 
In summary, the spinel nanoparticles that were synthesized with this polymer-assisted strategy 
demonstrated excellent magnetic properties, including superparamagnetic behavior, high 
saturation magnetization, and good solubility in various kinds of organic solvents, suggesting their 
promising potentials in both catalytic and biomedical applications.    
 
8.2 Significance and broader impact 
The discoveries presented in this dissertation not only provide a robust synthetic approach for 
both star-like diblock and triblock copolymer as well as a rich diversity of functional nanoparticles, 
but also investigate the correlation of morphology, composition, crystal structure and resulting 
desired properties. Both the electrocatalytic properties, i.e., ORR and OER, and the magnetic 
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properties measurement and discussion rendered mechanisms behind varied performances, 
opening avenues for determining/optimizing the materials afterward, which can potentially be used 
in energy-related and/or biomedical applications.  
The first significance of this dissertation was the capability of controlling the size, composition, 
crystal structure, and uniformity of the desired nanoparticles via employing this polymer-assisted 
synthetic strategy. A wide range of materials with different crystal structures, i.e., perovskite 
oxides, layered perovskite oxide, and spinel ferrites, were successfully synthesized with controlled 
morphology and excellent solubility in common organic solvents. In particular, this precise control 
over the size and uniformity of perovskite oxides is rarely achieved due to the high formation 
energy required for synthesizing perovskite oxides, leading to easy aggregation and irregular shape. 
In the second part of this dissertation, we demonstrated the size of monodispersed perovskite 
oxides, including BaTiO3 and PbTiO3 nanoparticles can be precisely tailored from 8 nm, 16 nm to 
20 nm with narrow size distribution simply by modulating the molecular weight of the inner PAA 
block of the star-like diblock copolymer. In particular, kinetic studies on the formation of the as-
synthesized nanoparticle was conducted by observing the morphological evolution under varied 
reaction times. Based on this study, we found that nanoparticle size increased abruptly in the 
beginning and reached a plateau at a specific size. After that, nanoparticle size remained similar 
and well-dispersed even with prolonged reaction time and relatively high reaction temperature. 
The capability of synthesizing uniform BaTiO3 nanoparticles with tailorable sizes enables the 
systematic study of the size effect on the electrocatalytic performance of BaTiO3 nanoparticles, 
which can be applied for preparing other types of promising electrocatalysts in the future. 
Additionally, in the third part of this dissertation, spinel ferrites nanoparticles with changeable size, 
i.e., 4, 7, 11 nm were synthesized by using star-like diblock copolymer as nanoreactor. Similarly, 
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the size can be facilely tuned by changing the molecular weight of the PAA block. Size-dependent 
magnetic properties were measured with all the spinel ferrite nanoparticle synthesized. Specifically, 
the critical size of NiFe2O4 for the transition from single-domain to multi-domains structure had 
been identified to located between 7-11 nm, whereas the critical size of the other two spinel ferrites 
nanoparticles should be larger than 11 nm, suggesting this critical size can be heavily influenced 
by different synthetic approaches as well as varied surface chemistries.  
The second significance of this dissertation lied in identifying the promising electrocatalysts 
for both ORR and OER. For instance, perovskite oxides have been widely studied as 
electrocatalysts due to their low-cost, highly-abundant and excellent flexibility for accommodating 
a rich diversity of cations in both A site and B site, while very limited research looked into the 
electrocatalytic performance of BaTiO3, possibly because it’s intrinsic electrocatalytic activity is 
not as good as others. Here, we not only investigated the size-effect of BaTiO3 nanoparticle on the 
ORR performance, but also prove that BaTiO3 nanoparticle, with only small doping concentration, 
can also be excellent electrocatalysts. Further improvement can be anticipated if the dopant types 
and doping concentration are judiciously chosen. Besides synthesizing BaTiO3 and PbTiO3, we 
also successfully obtained La-based nanoparticles, including LaFeO3, LaMnO3, and La2CoO4, and 
employed them as bifunctional electrocatalysts for both ORR and OER. Layered perovskite 
La2CoO4 exhibited the best performance for both reactions among three La-based nanoparticles, 
which surprised us because the electrocatalytic activity, especially at low temperature, of layered 
perovskite had seldomly been discussed. The result indicated the possibility to capitalize layered 
perovskite as potential candidates for bifunctional electrocatalysts, further discussion on the origin 
for this outperform activity of layered perovskite has also been provided. 
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The third significance of this dissertation was to elucidate the enhancement after doping 
BaTiO3 nanoparticle with La and Co by simulation results. Based on the results, the enhancement 
after doping can be attributed to two main reasons. First, the free energy barrier of ORR was 
reduced after doping with both dopants, resulting from the enhancement of the adsorption of the 
intermediates during ORR. However, the origin of the increased adsorption for two dopants was 
different. In the La-doping case, the increase was due to pronounced charge transfer between 
catalysts and intermediates, whereas in the Co-doping case, the increase was because of stronger 
hybridization of t2g orbital of Co with the intermediates. Second, the conductivity was enhanced 
after doping with both dopants, which is originated from the modification of electronic states. By 
clearly correlating the fundamental changes with enhanced electrocatalytic activity, these results 
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